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ABSTRACT
Novel s e g r a e n t e d - e l e c t r o d e  d i s c h a r g e  t u b e s  which  o p e r a t e  a s  
s e a l e d - o f f  He-Cd ho l low  c a t h o d e  l a s e r s  and w h ich  do n o t  r e q u i r e  a 
f l o w in g  g a s  sy s te m  t o  d i s t r i b u t e  cadmium vapou r  a r e  r e p o r t e d .  The 
e l e c t r o d e  geom et ry  i s  a r r a n g e d  t o  p roduce  a n e t  a x i a l  e l e c t r i c  
f i e l d  so t h a t  cadmium d i s t r i b u t i o n  i s  enhanced  by c a t a p h o r e s i s /  a 
p r o c e s s  which  i s  n o t  n o r m a l ly  a s s o c i a t e d  w i t h  He-Cd ho l low c a th o d e  
l a s e r s .  The c o n d i t i o n s  u n d e r  which  t h e  s e g m e n t e d - e l e c t r o d e  t u b e s  
e x h i b i t  t h e  p r o p e r t i e s  o f  ho l low  c a th o d e  d i s c h a r g e s  a r e  d e t e r m i n e d  
from t h e i r  c u r r e n t  and v o l t a g e  c h a r a c t e r i s t i c s .  One sy s tem  s t u d i e d  
c o n s i s t s  o f  a l t e r n a t e  anode and c a th o d e  segm en ts  w i t h  g l a s s  
i n s u l a t i n g  s e c t i o n s  a r r a n g e d  a x i a l l y ,  and be h a v es  a s  a s e r i e s  o f  
ho l low  c a t h o d e  d i s c h a r g e s  u n d e r  a p p r o p r i a t e  c o n d i t i o n s .  Each 
a n o d e /h o l lo w  c a th o d e  p a i r  i s  s e p a r a t e d  from i t s  n e i g h b o u r i n g  
segm en ts  by i n s u l a t i n g  g l a s s  s e c t i o n s  o f  l e n g t h  D, which p r o v i d e  a 
r e c o m b i n a t i o n  s i t e  and p r e v e n t  a d j a c e n t  d i s c h a r g e s  f rom o v e r l a p p i n g  
each  o t h e r .  A c a l c u l a t i o n  shows t h a t  a d j a c e n t  d i s c h a r g e s  w i l l  
r e m a in  i s o l a t e d  p r o v i d e d  t h a t  D> 2.85cm, i n  h e l ium  a t  10 T o r r  and 
700 K. A no the r  s e g m e n t e d - e l e c t r o d e  sys tem  s t u d i e d  c o n s i s t s  o f  a 
s e r i e s  o f  m e t a l  segm en ts  e q u a l  i n  l e n g t h .  T h i s  sys te m  do e s  n o t  
have  d i s c r e t e  anode seg m e n t s  and e x h i b i t s  t h e  p o s i t i v e  
Volt -Ampere  (VI) c h a r a c t e r i s t i c s  n o r m a l ly  e x p e c t e d  o f  , ho l lo w  
c a t h o d e  d i s c h a r g e s  o n ly  a t  low v a l u e s  o f  d i s c h a r g e  c u r r e n t .  A 
t r a n s i t i o n  p o i n t  i n  t h e  c h a r a c t e r i s t i c s  e x i s t s ,  and ,  f o r  d i s c h a r g e  
c u r r e n t s  above t h i s ,  t h e  VI s l o p e  i s  n e g a t i v e .  T h i s  b e h a v i o u r  i s  
e x p l a i n e d  i n  ter ras  o f  t h e  p lasm a  l e n g t h ,  wh ich  i s  d e f i n e d  a s  t h e  
a x i a l  e x t e n t  o f  t h e  n e g a t i v e  glow w i t h i n  a  c y l i n d r i c a l  segm en t ,  and
which i n c r e a s e s  w i t h  i n c r e a s i n g  d i s c h a r g e  c u r r e n t .  At low v a l u e s  
o f  d i s c h a r g e  c u r r e n t  ( s e v e r a l  mA), t h e  p lasm a  l e n g t h  i s  l e s s  t h a n  
t h e  l e n g t h  o f  t h e  m e t a l  s e g m e n t s ,  and t h e  d i s c h a r g e . t u b e  o p e r a t e s  
a s  a  s e r i e s  o f  ho l low  c a t h o d e s .  Under t h e s e  c o n d i t i o n s ,  each  
segment  h a s  a n e g a t i v e  glow d i s c h a r g e  p a r t i a l l y  p e n e t r a t i n g  t h e  
b o r e  from one end,  w h i l e  t h e  o t h e r  end p e r f o r m s  as  an anode f o r  t h e  
n e x t  segment ,  and so  on.  The l a s t  segment  i s  a t  power s u p p l y  e a r t h  
p o t e n t i a l  and h a s  no a n o d i c  f u n c t i o n .  The t r a n s i t i o n  p o i n t s  i n  t h e  
VI c h a r a c t e r i s t i c s  o c c u r  when t h e  d i s c h a r g e  c u r r e n t  i s  i n c r e a s e d  to  
a  v a l u e  such t h a t  t h e  p lasm a  l e n g t h  e q u a l s  t h e  l e n g t h  o f  t h e  m e t a l  
s e g m e n t s .  Fo r  d i s c h a r g e  c u r r e n t s  above t h i s  v a l u e ,  o n ly  t h e  l a s t  
segment  a t  power s u p p ly  e a r t h  p o t e n t i a l  c o n t i n u e s  t o  o p e r a t e  a s  a  
ho l low  c a t h o d e .  The r e s u l t s  o f  t h e s e  s t u d i e s  p r o v i d e  g u i d e l i n e s  
f o r  t h e  d e s i g n  o f  s e g m e n t e d - e l e c t r o d e  He-Cd ho l low  c a t h o d e  l a s e r  
d i s c h a r g e  t u b e s  i n  t e rm s  o f  t h e  a x i a l  o r d e r  and optimum s p a c i n g  o f  
anode and c a th o d e  s e g m e n t s .
I t  i s  shown t h a t  l a r g e  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  can e x i s t  
i n  t h i n - w a l l e d  (0.9mm) ho l low  c a t h o d e  s t r u c t u r e s ,  i m p l y in g  t h a t  t h e  
c u r r e n t  d e n s i t y  d i s t r i b u t i o n  a t  t h e  c a th o d e  s u r f a c e  i s  n o t  
u n i f o r m .  A d i f f e r e n t i a l  e q u a t i o n  i s  d e r i v e d  t o  d e s c r i b e  h e a t  f low 
w i t h i n  a c y l i n d r i c a l  c o n d u c t o r  h e a t e d  a t  one end and c o o l e d  by 
n a t u r a l  c o n v e c t i o n  and r a d i a t i o n  a lo n g  i t s  l e n g t h .  Approx imate  
s o l u t i o n s  a r e  o b t a i n e d  f o r  b o t h  t h i c k - w a l l e d  and t h i n - w a l l e d  
c o n d u c t o r s .  The r e s u l t s  o f  t h e  t h i c k - w a l l e d  a p p r o x i m a t i o n  y i e l d  
t h e r m a l  d e s i g n  c r i t e r i a  f o r  ho l low  c a t h o d e s ,  where  m o d e r a te  c a t h o d e  
t e m p e r a t u r e s  ( 350°C) and min imal  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  a r e  
r e q u i r e d .  The t h i n - w a l l e d  a p p r o x i m a t i o n  y i e l d s  r e s u l t s  which 
p r o v i d e  d e s i g n  c r i t e r i a  f o r  t h e  p r o t e c t i o n  from h i g h  t e m p e r a t u r e  
f a i l u r e  o f  components  such  a s  c y l i n d r i c a l  g l a s s / m e t a l  s e a l s  and 
*0’ r i n g s .  S t u d i e s  o f  a  f u r t h e r  two s e a l e d - o f f  d i s c h a r g e  t u b e s ,
d e s i g n e d  i n  a c c o r d a n c e  w i t h  t h e  r e s u l t s  o f  t h e  t h e r m a l  a n a l y s i s ,  
a r e  r e p o r t e d .  Maximum a x i a l  v a r i a t i o n s  o f  lO^C w e re  r e c o r d e d  on 
t h e  c a t h o d e s  o f  t h e s e  t u b e s .  S p e c t r o s c o p i c  s t u d i e s  o f  t h e  
d i s c h a r g e s  show t h a t  h y d r o g e n  e x i s t s  a s  a m a jo r  i m p u r i t y  and 
m a n i f e s t s  i t s e l f  i n  t h e  a p p e a r a n c e  o f  v i o l e t - d e g r a d e d  m o l e c u l a r  
bands  due t o  Cd H. A c a l c u l a t i o n  shows t h a t  t h e  m a j o r i t y  o f  Cd 
atoms p r e s e n t  i n  t h e  d i s c h a r g e  may be i n  t h e  Cd ( 5 s  5p PL .c , I , U
S t a t e .  The f o l l o w i n g  e n e r g e t i c a l l y  f a v o u r a b l e  r e a c t i o n  i s  t h u s  t h e  
most  l i k e l y  f o r m a t i o n  p r o c e s s  f o r  Cd H,
Hg + Cd ( 5 s  5p  ^ q ) Cd H + H
S e v e r a l  o t h e r  r e a c t i o n s  wh ich  i n v o l v e  hyd rogen  and wh ich  may 
a f f e c t  l a s e r  p e r f o r m a n c e  a r e  p r o p o s e d .  A b r o a d - b a n d  a b s o r p t i o n  
e x p e r i m e n t  r e v e a l e d  t h e  p r e s e n c e  o f  a t r a n s i e n t  s p e c i e s  
( u n i d e n t i f i e d )  which  was d e t e c t e d  on ly  w h i l e  a d i s c h a r g e  was 
e s t a b l i s h e d .  An a b s o r p t i o n  c o e f f i c i e n t  o f  8^ p e r  m e t r e  was 
measured  i n  t h e  v i c i n i t y  o f  t h e  r ed  and g r e e n  C d l l  l a s e r  
t r a n s i t i o n s .
In  a d d i t i o n  to  t h e  s t u d i e s  o f  He-Cd l a s e r s  h a v in g  nove l  
e l e c t r o d e  g e o m e t r i e s ,  d e s i g n  c a l c u l a t i o n s  f o r  m u l t i l a y e r  d i e l e c t r i c  
l a s e r  m i r r o r s  a r e  a l s o  g i v e n ,  u s i n g  a  n o v e l  t e c h n i q u e  b a s ed  on 
f l o w - g r a p h s .  The f l o w - g r a p h  c a l c u l a t i o n s  a r e  d e v e lo p e d  and t h e  
r e s u l t s  a r e  compared w i t h  t h o s e  o b t a i n e d  byr u s i n g  e s t a b l i s h e d  r a y  
summation and m a t r i x  m e thods .  The f l o w - g r a p h  method i s  a p p l i e d  t o  
t h e  d e s i g n  o f  d i e l e c t r i c  m u l t i l a y e r  m i r r o r s  r e q u i r e d  f o r  
’w h i t e - l i g h t ’ He-Cd l a s e r s .  M u l t i l a y e r  s t r u c t u r e s  f o r  two o u t p u t  
c o u p l e r s  and a  ’ t o t a l ’ r e f l e c t o r  a r e  p r e s e n t e d ,  where  t h e  a l t e r n a t e  
d i e l e c t r i c  l a y e r s  a r e  MgF^ and ZnS ( r e f r a c t i v e  i n d i c e s  1 .38  and 2 .3  
r e s p e c t i v e l y ) .
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CHAPTER ONE
REVIEW OF Hc-Cd LASERS
1.1 G e n e r a l  I n t r o d u c t i o n .
The f i r s t  o b s e r v a t i o n s  o f  cw l a s e r  e m i s s i o n  from the  
p o s i t i v e  column o f  a he l ium  d i s c h a r g e  se e d e d  w i t h  cad’.iium vapour  
were  r e p o r t e d  i n  1968 ( S i l f v a s t ,  1968) .  S i n c e  t h e n ,  t h e  e f f o r t s  o f  
many w o r k e r s  have  provided  an i n s i g h t  I n t o  t h e  p r o c e s s e s  
r e s p o n s i b l e  f o r  o b s e r v e d  exp er im en ta l  b e h a v io u r ,  such as  upper 
l a s e r  l e v e l  pumping mechanisms  and o u t p u t  power s a t u r a t i o n .  In  
p a r t i c u l a r ,  improvements  in  t u b e  d e s i g n  and s t u d i e s  c f  the f a c t o r s  
a f f e c t i n g  t h e  " s e a le d - o f f "  l i f e t i m e  have le d  to  mere r e l i a b l e  
o p e r a t i o n  o f  t h i s  type  c f  l a s e r .  As a r e s u l t  c f  t h i s  r esea rch  and 
d e ve lopm en t ,  p o s i t i v e  column he l ium-cadmium l a s e r s  w i t h  l i f e t i m e s  
i n  e x c e s s  o f  1 0 0 0  h o u r s  soon  became c o m m e rc i a l l y  a v a i l a b l e  ( f o r  
example RCA Model Ld 2194,  S p e c t r a  P h y s i c s  Model 1 85 ) .  The same 
however  i s  n o t  t r u e  for  h o l lo w  c a th o d e  He-Cd l a s e r s ,  which u t i l i z e  
t h e  n e g a t i v e  glow o f  t h e  gas  d i s c h a r g e .  The f i r s t  h o l lo w  •'‘c a th o d e  
He-Cd l a s e r  was r e p o r t e d  i n  1970 ( S h u e b e l , 19 70 ) ,  end b e c au s e  of i t s
n u l t i s p e c t r a l  o u t p u t ,  i n  p a r t i c u l a r  t h e  v i s i b l e  l a s e r  t r a n s i t i o n s  
i n  b l u e ,  g r e e n  and r e d ,  i t  h a s  been s t u d i e d  i n  d e p th  ove r  t h e  l a s t  
d ecade  a s  a p o t e n t i a l  c a n d i d a t e  f o r  r e l i a b l e  " i ; h i t e - l i g h t "  l a s e r  
o p e r a t io n .
T h i s  i n t r o d u c t o r y  chapter  t r a c e s  t h e  c h r o n o lo g ic a l  
deve lopm en t  o f  both p o s i t i v e  column and h ollow  c a th o d e  He-Cd 
l a s e r s ,  compares  t h e  v a r i o u s  e x c i t a t i o n  mechanisms and h i g h l i g h t s  
t h e  p rob lem s  a s s o c i a t e d  w ith  each  ty p e .  However, b e f o r e  t h i s  i s  
u n d e r t a k e n ,  t h e  i n h e r e n t  d i f f e r e n c e s  be tween  t h e  p o s i t i v e  column 
and t h e  n e g a t i v e  glow a r e  such  t h a t  a more g e n e r a l  a pp roach  i n  
te rm s  o f  g a s  d i s c h a r g e  phenomena i s  d e s i r a b l e .  The next s e c t i o n  i s  
d e v o te d  to  c h i s  end.
1.2  J)i.s-o.ch.aihie.. .afc_I.Q-v_.P_r_esm;re s .
A c y l i n d i c a l  g a s  d i s c h a r g e  v e s s e l ,  l e n g t h  20 cm and
d i a m e t e r  1 cm, w ith  a p l a n a r  e l e c t r o d e  a t  e i t h e r  end, i s
i l l u s t r a t e d  i n  f i g  1. 1 . The v e s s e l  c o n t a i n s  gas  a t  low p r e s s u r e
(eg  he l ium  a t  10 T o r r ) .  When a d i s c h a r g e  o f  s e v e r a l  t e n s  o f
m i l l i a n p e r e s  i s  e s t a b l i s h e d ,  f o u r  d i s t i n c t  r e g io n s  w i t h  d i f f e r e n t  
c h a r a c t e r i s t i c s  a r e  o b s e rv e d .  The r e g i o n  n e a r e s t  t h e  c a th o d e ,  t h e  
c a t h o d e  d a rk  s p a c e ,  i s  s h o r t  « 0 . 5  nmi) and a t  h i g h e r  p r e s s u r e s  i s  
a lm o s t  u n o b s e r v a b l e .  Moving to \ ; a rd s  t h e  anode ,  t h e  second  r e g io n  
e n c o u n t e r e d  i s  t h e  i n t e n s e l y  lum inous  n e g a t iv e  glow,  which i s
b r i g h t e r  to wards  i t s  c a th o d e  end ,  and drops o f f  i n  i n t e n s i t y  
towards t h e  Fa rad a y  d a r k  s p a c e ,  a r e g i o n  o f  low l u m i n o s i t y .  Beyond
t h e  Faraday  d a rk  a p a c e ,  t h e  p o s i t i v e  column, a ( g e n e r a l l y ) '  un i fo rm  
r e g i o n  o f  h ig h  l u m i n o s i t y  f i l l s  the r e s t  o f  t h e  v e s s e l  a lm o s t  t o  
t h e  anode.
The d i s t r i b u t i o n  o f  p o t e n t i a l  down t h e  l e n g t h  of  
such a d i s c h a r g e  i s  a l s o  i l l u s t r a t e d  i n  f i g  1 .1 .  T he re  i s  a s h a r p  
r i s e  i n  p o t e n t i a l ,  t h e  " c a t h o d e - f a l l " ,  a c r o s s  t h e  c a th o d e  d a rk  
s p a c e ,  which l e v e l s  o f f  a b r u p t l y  as  t h e  n e g a t i v e  glow i s  
e n c o u n t e r e d .  The m agn i tude  o f  t h e  c a th o d e  f a l l  depends  on g a s  
c o m p o s i t i o n ,  e l e c t r o d e  m a t e r i a l  and d i s c h a r g e  c u r r e n t .  I n  t h e  
n e g a t i v e  glow t h e r e  i s  l i t t l e  o r  no change  i n  p o t e n t i a l .  The 
p o t e n t i a l  s t a r t s  to  r i s e  a g a i n  a c r o s s  t h e  Faraday dark s p a c e ,  and 
r i s e s  l i n e a r l y  ( t y p i c a l l y  10-100 V /c a ,  d e p e n d in g  on tub e  r a d i u s )  
t h r o u g h  th e  p o s i t i v e  column, a lm o s t  t o  t h e  anode ,  where t h e r e  i s  
a n o t h e r  s m a l l  r i s e  i n  p o t e n t i a l .  Of t h e s e  r e g i o n s ,  t h e  p o s i t i v e  
column and t h e  n e g a t i v e  glow a r e  u sed  a s  e x c i t a t i o n  media f o r  low 
p r e s s u r e  g a s  d i s c h a r g e  l a s e r s .
1 . 2.1
I f  t h e  d i s c h a r g e  t u b e  i l l u s t r a t e d  i n  f i g  1.1 was 
i n c r e a s e d  i n  l e n g t h  w i t h  g a s  p r e s s u r e ,  c u r r e n t  and tube d i a m e t e r  
r e m a in i n g  t h e  same, t h e  p o s i t i v e  column would occupy t h e  e x t r a  
volume,  t h e  o t h e r  r e g i o n s  b e i n g  unchanged.  Thus,  a l o n g  o p t i c a l  
p a t h  l e n g t h  i n  t h e  p o s i t i v e  column can be a c h i e v e d  e a s i l y ,  i f  t h e  
power s upp ly  can  p r o v i d e  t h e  e x t r a  v o l t a g e  r e q u i r e d  to  m a i n t a i n  t h e  
d i s c h a r g e .  A lo n g  o p t i c a l  path l e n g t h  i s  n e c e s s a r y  where  the  l a s e r
J
4g a i n  pe r  u n i t  l e n g t h  i s  s m a l l  (5  5 per m et re  i n  He-Cd, u s i n g  Cd o f  
n a t u r a l  i s o t o p i c  abundance ,  S i l f v a s t ,  1968) .  A lso ,  t h e  p o s i t i v e  
column i s  homogeneous ( a l t h o u g h ,  under  c e r t a in  c o n c i l i o n s ,  
d i s c h a r g e  s t r i a t i o n s  which l e a d  t o  n o i s e  i n  l a s e r  output are  
p r e sen t  -  t h e s e  w i l l  bo d i s c u s s e d  b r i e f l y  i n  s e c t i o n  1 . 4 ) .
The p o s i t i v e  column h a s  a uniform a x i a l  e l e c t r i c  
f i e l d ,  which,  f rom P o i s s o n ’ s  e q u a t i o n ,  i m p l i e s  t h a t  the net c h a rg e
d e n s i t y  i s  z e r o ,  t h u s  t h e  numbers o f  p o s i t i v e  and n e g a t i v e  c h a rg e  
c a r r i e r s  are e q u a l .  In  p o s i t i v e  column He-Cd l a s e r s ,  the r e d u c e d  
e l e c t r i c  f i e l d  v a lu e  (E /p )  g e n e r a l l y  l i e s  i n  t h e  r a n g e  4-16  
V o l t s / c i i i - T o r r ,  w h i l e  t h e  e l e c t r o n  d e n s i t y  i s  1-5  x 10 
( D unn ,1972;  M i s e r a c z y k , 1975;  Mori e t  a l , 1977) .
The form o f  the e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i n
t h e  p o s i t i v e  column i s  f r e q u e n t l y  assumed to  be M a xw e l l i an ,  and
c o r r e s p o n d i n g l y  an e l e c t r o n  t e m p e r a t u r e  can be d e f i n e d  from
eV = kT . A lthough ,  i n  g e n e r a l ,  t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  e
i n  a p o s i t i v e  column i s  n o t  s t r i c t l y  M axw el l i an ,  t h e  d e v ia t io n  i n  
most  p r o b a b l e  e n e rg y  i n c u r r e d  by making t h i s  a s s u m p t io n  i s  only  a 
few eV ( M a im /a r in g  and S w i f t , 1972) .  The most  s e r i o u s  e r r o r  o c c u r s  
i n  t h e  high  en e rg y  t a i l  o f  t h e  d i s t r i b u t i o n  where  s i g n i f i c a n t l y
fewer  e l e c t r o n s  have  s u f f i c i e n t  en e rg y  t o  e x c i t e  h ig h er  l y i n g  
l e v e l s  i n  a toms and i o n s  than t h e  assumed M a x w e l l i an  d i s t r i b u t i o n  
would i n d i c a t e  (Mori e t  a l , 1977) .
1 . 2 . 2
The b a s i c  p r o c e s s e s  i n  t h e  r e g i o n  o f  t h e . c a t h o d e  a r e  
q u a l i t a t i v e l y  w e l l  u n d e r s t o o d .  E l e c t r o n s  l e a v i n g  t h e  c a th o d e  a r e  
a c c e l e r a t e d  a c r o s s  t h e  d a r k  s p a c e  by th e  c a th o d e  f a i l  v o l t a g e ,  and 
c o l l i s i o n a l l y  e x c i t e  and i o n i s e  a toms t o  g i v e  e l e c t r o n  
m u l t i p l i c a t i o n ,  M. The p o s i t i v e  i o n s ,  e x c i t e d  n e u t r a l s  and p h o to n s  
formed  by t h i s  p r o c e s s  impinge  upon t h e  c a th o d e  s u r f a c e ,  r e l e a s i n g  
s e c o n d a r y  e l e c t r o n s .  I f ,  f o r  each o f  t h e  (K -  1) e l e c t r o n s  
p ro d u ce d  i n  t h e  g a s ,  ^  s e c o n d a r y  e l e c t r o n s  a r e  r e l e a s e d  a t  t h e  
c a th o d e  by t h e s e  v a r i o u s  p r o c e s s e s ,  t h e n  i n  a s e l f - s u s t a i n e d  
d i s c h a r g e  we have
% ( M- 1 ) =  1 n )
where  O and M depend on j;aa c o m p o s i t i o n ,  d i s c h a r g e  c u r r e n t  and 
c a t h o d e  m a t e r i a l .  The n e g a t i v e  glow i s  a r e s u l t  o f  i o n i s a t i o n  and 
e x c i t a t i o n  by e l e c t r o n s  which  a r e  a c c e l e r a t e d  by t h e  c a th o d e  f a l l  
v o l t a g e .  In  t h e r m i o n i c  o r  " h o t "  c a th o d e  d i s c h a r g e s ,  t h e r e  i s  
a lm o s t  no c a th o d e  f a l l  v o l t a g e  and c o r r e s p o n d i n g l y  no n e g a t i v e  
glow.  In  t h i s  c a s e ,  s e c o n d a r y  e m i s s i o n  from t h e  c a th o d e  i s  
u n n e c e s s a r y  f o r  i n a i n t a i n a n c e  o f  t h e  d i s c h a r g e  be c ause  e l e c t r o n s  a r e  
s u p p l i e d  t  h e rr. i i  o n i  c a 11 y .
R e t u r n i n g  t o  t h e  d i s c h a r g e  tube  I l l u s t r a t e d  i n  
f i g  1 . 1 , t h e  anode may be moved tow ards  the  c a th o d e  u n t i l  t h e r e  i s  
no p o s i t i v e  column or  F a r a d a y  d a rk  s p a c e ,  and t h e  t r u n c a t e d  
d i s c h a r g e  c o m p r i s e s  on ly  c a t h o d e  d a r k  sp a c e  and n e g a t i v e  glow.  
However, t h e  n e g a t i v e  glow i n  t h i s  form i s  u n s u i t a b l e  f o r  l a s e r
e x c i t a t i o n  because  the  o p t i c a l  p a th  l e n g t h  i s  s h o r t ,  and t h e  glow 
l a c k s  homogene i ty ,  b e in g  b r i g h t e r  towards  i t s  c a th o d e  end .  Both  o f  
t h e s e  p rob lems a r e  overcome i n  a ho l low  c a t h o d e  geomet ry  b u t ,  
b e f o r e  c o n s i d e r i n g  t h e  p r i n c i p l e s  u n d e r l y i n g  i t s  o p e r a t i o n ,  an 
e x a m i n a t i o n  o f  t h e  t e r m i n a l  v o l t - a m p e r e  c h a r a c t e r i s t i c s  i s  
a p p r o p r i a t e .
The t r u n c a t e d  d i s c h a r g e  tube  i s  i l l u s t r a t e d  i n
f ig- 1 .2 ,  t o g e t h e r  w i t h  " t y p i c a l "  VI c h a r a c t e r i s t i c s .  At t h e  low er  
r a n g e  o f  c u r r e n t s  (a  few mA), t h e  c a th o d e  s u r f a c e  i s  on ly  p a r t l y  
c o v e r e d  i n  n e g a t i v e  glow.  The a r e a  o f  c a th o d e  c o v e re d  by n e g a t i v e  
glow i s  p r o p o r t i o n a l  to  t h e  d i s c h a r g e  c u r r e n t  and t h u s  the  c u r r e n t  
d e n s i t y  a t  t h e  c a th o d e  s u r f a c e  r e m a in s  c o n s t a n t  ( H e h l ’ s  l a w ) .  T h i s  
i s  t h e  "normal  glow" reg ime and i s  c h a r a c t e r i s e d  by c o n s t a n t  
c u r r e n t  d e n s i t y  and d i s c h a r g e  v o l t a g e .  Once t h e  c u r r e n t  i s  
i n c r e a s e d  s u f f i c i e n t l y  t o  c ove r  t h e  e n t i r e  c a t h o d e  s u r f a c e  w i t h  
n e g a t i v e  glow,  a f u r t h e r  i n c r e a s e  i n  d i s c h a r g e  c u r r e n t  r e s u l t s  i n  
i n c r e a s e d  c u r r e n t  d e n s i t y  and d i s c h a r g e  v o l t a g e .  T h i s  i s  termed 
t h e  "abnormal  glow" r e g im e .
The e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i n  t h e  n e g a t i v e  
glow i s  s t r o n g l y  non-M axw el l ian  i n  form and h a s  t h r e e  d i s t i n c t
g r o u p s  o f  e l e c t r o n s  p r e s e n t .  A t y p i c a l  d i s t r i b u t i o n  f u n c t i o n  I s  
shown i n  f i g  1 .3 ,  which i s  t a k e n  from G i l l  and Uebb,  1977,  who u s e d  
a d i f f e r e n t i a l l y  pumped r e t a r d i n g  f i e l d  a n a l y s e r  to  o b t a i n  t h e i r  
r e s u l t s .  The t h r e e  g r o u p s  o f  e l e c t r o n s  a r e  a s  f o l l o w s .
(1 )  A "beam" component ,  c o m p r i s i n g  e l e c t r o n s  a c c e l e r a t e d  t h r o u g h  
t h e  e n t i r e  c a th o d e  f a l l  v o l t a g e  h a v i n g  e ne rgy  eV^
( 2 ) A h ig h  e ne rgy  t a i l ,  which  f o l l o w s  a 20 eV gap  c o r r e s p o n d i n g  to
t h e  f i r s t  e x c i t a t i o n  p o t e n t i a l s  o f  h e l iu m .  The e l e c t r o n s  i n  t h i s
"  7
p a r t  o f  t h e  d i s t r i b u t i o n  have  undergone  one o r  more i n e l a s t i c  
c o l l i s i o n s .
(3 )  At low energy  (< 25 eV) t h e r e  i s  a "p la sm a"  component  f o r  which 
t h e  mos t  probable e ne rgy  l i e s  i n  t h o  range  5-10  eV.
A l though  t h e  r e s u l t s  o f  G i l l  and Webb a p p ly  to  a 
p l a n a r  cathode, they  em pha s i se  t h e  most  s i g n i f i c a n t  d i f f e r e n c e  
be tw een  t h e  p o s i t i v e  column and t h e  n e g a t iv e  glow.  I n  t h e  n e g a t i v e  
glovjj a s i g n i f i c a n t  p r o p o r t i o n  o f  e l e c t r o n s  have  s u f f i c i e n t l y  h igh  
en e rg y  to e x c i t e  the i o n i c  l e v e l s  o f  t h e  c a r r i e r  g a s ,  i n  t h i s  e a s e  
h e l iu m .
1 . 2 . 3  The Hollow Cathode  E f f e c t .
A long  o p t i c a l  p a t h  l e n g t h  can be o b t a i n e d  i n  the  
n e g a t i v e  glov; i f  t h e  d i s c h a r g e  tube  h a s  a l o n g  p a r a l l e l - p l a n e
e l e c t r o d e  c o n f i g u r a t i o n ,  as  i l l u s t r a t e d  i n  f i g  1 . 4 ( a ) .  However, a
s t r o n g e r  glow may be o b t a i n e d  from a d o u b le  c a t h o d e  geometry  as
i l l u s t r a t e d  i n  f i g  1 . 4 ( b ) ,  where  t h e  i n t e r c a t h o d e  s p a c i n g  i s  such 
t h a t  t h e  n e g a t i v e  glows  from each  c a th o d e  c o a l e s c e .  Tak ing  t h i s  
p r o c e s s  a s t a g e  f u r t h e r ,  a c y l i n d r i c a l  c a t h o d e ,  f i g  1 . 4 ( c ) ,  or a 
" s l o t t e d "  c a th o d e ,  f i g  1 . 4 ( d ) ,  w i l l  p r o v i d e  an  even s tr o n g e r  
c o a l e s c e n c e  because  t h e  c a th o d e  now r e p r e s e n t s  an i n f i n i t y  o f  
c a th o d e  p a i r s  d i a m e t r i c a l l y  o p p o s i t e  each  o t h e r .
The i m p o r t a n t  f e a t u r e s  o f  a ho l low  cathode d i s c h a r g e  
a r e  c u r r e n t  d e n s i t i e s  which a r e  l a r g e r  t h a n  t h o s e  f o r  t h e  p l a n a r  
c a t h o d e  c a s e ,  f o r  t h e  same c a th o d e  f a l l ,  and a n e g a t i v e  glow which
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g i v e s  h i g h  i n t e n s i t y  s p e c t r a l  l i n e s  c h a r a c t e r i s t i c  o f  t h e  g a s  
a n d / o r  c a th o d e  m a t e r i a l .
The h o l lo w  c a th o d e  e f f e c t  f o r  p l a n a r  e l e c t r o d e s
becomes a p p a r e n t  f o r  Ol|D v a l u e s  below 3  t o r r - c m ,  where CX i s  
t h e  i n t e r o a t h o d e  s e p a r a t i o n  and p  i s  t h e  (he l ium )  p r e s s u r e .
The e l e c t r o n  d e n s i t y  i n  a  ho l low c a th o d e  d i s c h a r g e
i n  p u r e  he l iu m  h a s  been  o b s e r v e d  to  i n c r e a s e  l i n e a r l y  w i th
13 14 -3d i s c h a r g e  c u r r e n t  and l i e s  i n  t h e  r a n g e  10 -  10 cm f o r
c u r r e n t  d e n s i t i e s  a p p r o p r i a t e  t o  l a s e r  o s c i l l a t i o n  (Dunn and D e l a l ,  
1978 ) .
The mechanisms r e s p o n s i b l e  f o r  t h e  i n c r e a s e  i n
c a th o d e  c u r r e n t  d e n s i t y  a r e  q u a l i t a t i v e l y  w e l l  u n d e r s t o o d .  Photons  
and p o s i t i v e  i o n s  formed i n  t h e  d i s c h a r g e  c a n n o t  e s c a p e  from t h e  
d i s c h a r g e  r e g i o n  as  e a s i l y  as  they  may i n  a  p l a n a r  c a th o d e  
d i s c h a r g e .  Thus s e c o n d a r y  e m i s s i o n  a t  t h e  c a th o d e  s u r f a c e  due to  
i o n  bombardment  and t h e  p h o t o e l e c t r i c  e f f e c t  i s  enhanced .  
C o r r e s p o n d i n g l y ,  t h e  o p p o s i t e  e f f e c t  i s  a p p a r e n t  ( r e d u c e d  c u r r e n t  
d e n s i t y  f o r  a  g i v e n  c a th o d e  f a l l  v o l t a g e )  whore convex  c a t h o d e s  
( s u c h  a s  r o d s  o r  s p h e r e s )  a r e  used .
S e v e r a l  d i f f e r e n t  c a th o d e  s t r u c t u r e s ,  a l l  o f  which 
u t i l i z e  t h e  ho l low  c a th o d e  e f f e c t  t o  a  g r e a t e r  o r  l e s s e r  d e g re e ,
have  been d e s ig n e d  and o p e r a t e d  a s  He-Cd l a s e r s  by v a r i o u s  w o r k e r s
s i n c e  1970, and t h e s e  a r e  d e s c r i b e d  i n  s e c t i o n  1 .5  o f  t h i s  
c h a p t e r .
The f i r s t  cw dc d i s c h a r g e  He-Cd l a s e r  o s c i l l a t i n g  on
t h e  441 .6  Hi.:; l i n e  o f  Cd I I  ( 5 s f  -  5p t r a n s i t i o n )  was
re p o r ted  i n  1968  ( S i l f v a s t , 1968) ,  a l t h o u g h  e s s e n t i a l l y  a\; o p e r a t i o n
a t  t h e  sa ne  w a v e l e n g t h  from an ao e x c i t e d  d i s c h a r g e  had been
r e p o r t e d  e a r l i e r  ( F o u l e s  and Hopkins ,  196? ) .  S i l f v a s t  o b t a i n e d
o u t p u t  powers i n  t h e  r a n g e  5-50  nW f o r  d i s c h a r g e  c u r r e n t s  o f
10-125 i:A, f rom a I n  l e n g t h  d isch a rg e  t u b e .  I s o t o p i c c . l l y  e n r i c h e d  
114Cd p l a c e d  e i t h e r  d i r e c t l y  i n  t h e  d i s c h a r g e  tube  o r  a t  15 n.:
i n t e r v a l s  i n  s m a l l  s i d e - c u p s  p r o v i d e d  a s u f f i c i e n t l y  uniform
d i s t r i b u t i o n  o f  oad n iu n  v a p o u r .  S i l f v a s t  e x p e c t e d  a f a c t o r  o f  f o u r
114i n c r e a s e  i n  g a i n  by u s i n g  t h e  s i n g l e  Cd i s o t o p e  i n s t e a d  o f  Cd. o f
n a t u r a l  i s o t o p i c  abundance  because o f  t h e  l a t t e r ’ s  l a r g e r  i s o t o p i c
l i n e u i d t h .  S u b s e q u e n t  measurements o f  g a i n  by S i l f v a s t  showed t h i s
114t o  be j u s t i f i e d  (205 p e r  m e t r e  f o r  Cd , 55 p e r  m e t r e  f o r  n a t u r a l
cadmium). The d i s c h a r g e  tube  was mounted i n  a t u b u l a r  furnace  
which m a i n t a i n e d  t h e  d i s c h a r g e  a t  a chosen  tem perature  i n  t h e  r a n g e  
150 -  250 ^C. The observed  dependence  o f  o u t p u t  power on d isc h a r g e  
c u r r e n t  'and h e l iu m  p r e s s u r e ,  and t h e  l e e k  o f  l o s e r  e m i s s i o n  when 
neon was s u b s t i t u t e d  f o r  h e l ium ,  l e d  S i l f v a s t  to  p ropose  t h a t  
Penn ing  i o n i s a t i o n  was t h e  p r e d o m in a n t  mechanism r e s p o n s ib le  f o r  
p o p u l a t i n g  t h e  upper l a s e r  l e v e l :
He Cmetastable)  t  CdCground) He -f CdC5s* G CAE),
( Z )
Thus a c o l l i s i o n  be tw een  a h e l iu m  m e t a s t a b l e  atom and a g round  
s t a t e  cadmium atom s i m u l t a n e o u s l y  i o n i s e s  t h e  cadmiu... atom and
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e x c i t e s  i t  t o  h i g h e r  i o n i c  l e v e l s .  The e x c e s s  e n e rg y  AE,  b e in g
2 2 -t h e  e ne rgy  d i f f e r e n c e  be tween  H e ( m e t a s t a b l e )  ana  Cd I I  ( 5 s
i s  c a r r i e d  o f f  as  k i n e t i c  en e rg y  by t h e  e j e c t e d  e l e c t r o n .  A
p a r t i a l  ene rgy  l e v e l  d iag ram  f o r  he l ium  and cadmium showing t h e
r e l e v a n t  e ne rgy  s t a t e s  i s  i l l u s t r a t e d  i n  f i g  1 . 5 .  S i l f v a s t  f u r t h e r
p r o p o s e d  t h a t  a s i m i l a r  r e a c t i o n  t o  t h a t  above  r.ay g i v e  r i s e  to
l a s e r  o s c i l l a t i o n  on t h e  3 2 5 . 0  nm l i n e  o f  cadmium 
( 5 s^ ^ ^ 3 / 2  ” ^ ^ 1/ 2 ^* was soon  rep or ted , a l o n g  w i t h  o t h e r
m e t a l  io n  t r a n s i t i o n s  i n  z i n c  and t i n  ( S i l f v a s t  1969) .  The
b e h a v i o u r  o f  t h e  3 2 5 . 0  nm l i n e  w i t h  r e s p e c t  to  d isc h a r g e  c u r r e n t ,
he l ium  p r e s s u r e  and cadmium vapour  d e n s i t y  was o b s e r v e d  t o  be
s i m i l a r  to  t h a t  o f  t h e  441 .6  urn l i n e ,  a l t h o u g h  th e  l a s e r  o u t p u t  i s
g e n e r a l l y  up t o  an o r d e r  o f  m agn i tude  lower  i n  power.
A l i m i t a t i o n  i n h e r e n t  i n  t h e  o r i g i n a l  d e s i g n  by
S i l f v a s t  was t h e  i n f l u e n c e  o f  d i s c h a r g e  h e a t i n g  on t h e  tube
t e m p é r a t u r e .  D i s c h a r g e  c u r r en t  and m e t a l  vapour  p r e s s u r e  c o u ld  not
be o p t i m i s e d  in d e p en d en t ly  o f  one a n o t h e r .  As a c o nseque nc e ,
maximum l a s e r  o u t p u t  o f  50 mV?, which o c c u r r e d  a t  t h e  too  o f  t h e
c u r r e n t  r an g e  i n v e s t i g a t e d ,  was o b t a i n e d  on ly  f o r  a s h o r t  p er iod  o f
t im e .
T h i s  problem was overcome by t h e  i n t r o d u c t i o n  o f  a 
c a t a p h o r e t i c  t e c h n i q u e  f o r  t h e  d i s t r i b u t i o n  o f  m e t a l  vapour  i n  t h e  
d i s c h a r g e  r e g i o n ,  ( G o ldsbo rough ,  1969;  Sosnowsk i ,  1969) .  
C a t a p h o r e s i s  i s  t h e  p r o c e s s  whereby ,  i n  a p o s i t i v e  column d i s c h a r g e  
i n  a two component  g a s  m i x t u r e ,  t h e  l o w e s t  i o n i s a t i o n  p o t e n t i a l  
component  (Cd i n  t h i s  c a s e )  i s  p r e f e r e n t i a l l y  d r i v e n  to wards  t h e  
c a t h o d e  end o f  t h e  d i s c h a r g e .  E x p e r i m e n t a l l y ,  t h e  m ag n i tu d e  o f  t h e  
c a t a p h o r e t i c  e f f e c t  h a s  been  noted to  be p r o p o r t i o n a l  t o  i o n
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c u r r e n t  ( C o lcIgborough, 1 9 6 9 ) w h i l e  t h e o r e t i c a l l y  s e v e r a l  models  
have  been  d e v e lo p e d  t o  e x p l a i n  t h e  e f f e c t ,  among then being  th o se  
o f  D ruyve s tyn  (1934)  and F reudcnthel ( 1 9 6 ? ) .
The d i s c h a r g e  t u b e  d e s i g n e d  by G o lc sbo rough  i s  
i l l u s t r a t e d  in  f i g  1 . 6 , and d i f f e r s  l i t t l e  in  b a s ic  d e s i g n  from the  
com iaercia lly  a v a i l a b l e  He-Cd t u b e s ‘ to d ay .  The cadmium m e ta l  s o u rc e  
i s  l o c a t e d  i n  a bu lb  o r  s id e s r m  n e a r  t o  t h e  anode .  In  o p e r a t i o n ,  
cadmium vapour  i s  c o n t i n u o u s l y  fed  in t o  t h e  d i s c h a r g e  and i s  
t r a n s p o r t e d  by c a t a p h o r e s i s  down t h e  bore where i t  c o n d e n se s  on 
coo l  s u r f a c e s  near t h e  c a t h o d e .  The cadmium s o u r c e  r e q u i r e s  on ly  a 
s m a l l  h e a t e r  e l e m e n t  which  o b v i a t e s  the  need f o r  t h e  cumbersome 
f u r n a c e s  h i t h e r t o  u s e d .  F u r th e r m o r e ,  provided  d i s c h a r g e  h e a t i n g  
can m a i n t a i n  t h e  bo re  t e m p e r a t u r e  above t h a t  o f  t h e  cact.iium s o u r c e ,  
cadmium vapour  p r e s s u r e  i n  t h e  d i s c h a r g e  de p e n cs  on ly  on s o u r c e  
t e m p e r a t u r e .  D i s c h a r g e  c u r r e n t  and m e t a l  v a pou r  p r e s s u r e  may t h u s
be o p t i m i s e d  i n d e p e n d e n t l y  o f  one a n o t h e r .  As a conseque nc e ,
Go ldsborough  o b t a i n e d  200 i..U o f  l a s e r  power a t  44 1 .6  nr; u s i n g  
cadmium o f  n a t u r a l  i s o t o p i c  abundance  and a t u b e  w ith  an a c t i v e  
l e n g t h  of  143 cm. Optimum o u t p u t  power occurred  a t  a h e l ium  
p r e s s u r e  o f  3*4 T o r r  and a d i s c h a r g e  c u r r e n t  o f  110 y.iA. Under 
t h e s e  c o n d i t i o n s ,  the  r a t e  o f  u sage  o f  cadmium was 1.5  gram/ 1 0 0 0  
h o u r s .
A r e l a t i v e l y  s im p l e  tube  of  s h o r t  l e n g t h  (25 cm), 
w i t h  a segmented  bore, and h a v in g  s e v e r a l  cadmium so u r c e s  
d i s t r i b u t e d  a lo n g  t h e  l e n g t h  o f  t h e  d i s c h a r g e ,  was r e p o r t e d  i n  1971 
( S i l f v a s t  and S z e t o ,  1971) .  I n  t h i s  d e s i g n ,  t h e  caditium was h e a t e d  
by d i s c h a r g e  c u r r e n t  a lon e  and o u t p u t  powers o f  10 mW a t  441 .6  ix.: 
and 2 . 5  mVJ a t  3 2 5 .0  rmi were o b t a i n e d  f o r  a d i s c h a r g e  c u r r e n t  o f
65 uA.
A Liore c o m p l i c a t e d  d e s i g n  i n c o r p o r a t i n g  a 
r e c i r c u l a t i o n  geomet ry  u a s  i n t r o d u c e d  by H e r n q v i s t  ( 1 9 7 2 ) .  Cadmium 
was c o n t i n u o u s l y  r e c i r c u l a t e d  from i t s  s o u r c e s  n e a r  t h e  anodes  a t  
each  end o f  t h e  t u b e ,  a l o n g  the  bore  to  t h e  c e n t r a l l y  s i t u a t e d  
c a t h o d e ,  and t h e n  back t h r o u g h  a r e t u r n  p a th  o f  l a r g e  diam eter  t o  
t h e  s o u r c e s .  T h i s  d e s i g n  a l s o  used  c a t a p h o r e s i s  to  e n s u r e  t h a t  t h e  
f low o f  cadmium was d ir e c t e d  away from t h e  anodes  a t  each  end o f  
the  t u b e ,  to wards  t h e  c e n t r a l l y  s i t u a t e d  c a th o d e .  By t h i s  means, 
t h e  B rew ster  a n g le d  windows were p r o te c te d  from cadmium 
c o n d e n s a t i o n  by fo rm ing  a c a t a p h o r e t i c  " h o t t i e "  w i t h  the d i s c h a r g e  
e l e c t r o d e s .
The l o s s  o f  he l ium  by v a r i o u s  c le a n -u p  p r o c e s s e s  was 
found t o  be a m ajor  f a c t o r  a f f e c t i n g  the  s e a l e d - o f f  l i f e t i m e  o f  
He-Cd p o s i t i v e  column l a s e r s  (Sosnowski  and K l e i n ,  1971)* Through 
a s e r i e s  o f  s im p l e  exp er im en ts ,  i t  was shown t h a t  the  m ajo r  c a u se  
o f  he l ium  l o s s  was helium i o n  e n t r a p p m e n t  i n  s o f t  cadmium d e p o s i t s  
c ondensed  on r e g i o n s  n e a r  t h e  d i s c h a r g e .  T h i s  c o u ld  a c c o u n t  f o r  a 
l o s s  o f  up t o  30 D i l l i t o r r / l i t r e - h o u r  which i s  a l a r g e  l o s s  r a t e  i n  
t u b e s  whose i n i t i a l  p r e ssu r e  g e n e r a l l y  l i e s  i n  t h e  r an g e  3 -4  T o r r .  
T h i s  l o s s  p r o c e ss  was e l i m i n a t e d  by a l l o w i n g  cadmium t o  condense  
on ly  o n . c o o l  r e g i o n s  s u f f i c i e n t l y  f a r  auay from t h e  d i s c h a r g e  to  
e n s u r e  t h a t  t h e  he l ium  io n  d e n s i t y  was n e g l i g i b l y  s m a l l .  D if f u s io n  
o f  he l ium  t h ro u g h  t h e  g l a s s  w a l l s  was found t o  c o n t r i b u t e  much l e s s  
to  t h e  o v e r a l l  l o s s e s .  However, where  l i f e t i m e s  o f  s e v e r a l  
t h o u s a n d s  o f  h o u r s  a r e  r e q u i r e d ,  d i f f u s i o n  l o s s e s  need t o  be t a k e n  
i n t o  a c c o u n t .  Modern commerc ial  He-Cd l a s e r s  in c lu d e  a g a s  b a l l a s t  
volume c o n n e c t e d  to  the d i s c h a r g e  v i a  a t h i n  s i l i c a  membrane. When
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h e a t e d ,  t h e  r a t e  o f  he l ium  d i f f u s i o n  th ro u g h  t h e  membrane i ' rou th e  
b a l l a s t  volume t o  t h e  d i s c h a r g e  i n c r e a s e s ,  t h u s  making  up fo r  any  
he l ium  l o s s  t h a t  may have occu rred , ( f o r  example,  Kii,;r.ion E l e c t r i c  
Co He-Cd l a s e r ,  model  CDR 15SG; L i c o n i x  He-Cd l a s e r ,  model 4 2 1 0 ) .
Random f l u c t u a t i o n s  i n  o u t p u t  power l e v e l s  have  a l s o  
been o b s e rv e d  as  a t r o u b l e s o m e  ’c h a r a c t e r i s t i c  o f  He-Cd p o s i t i v e  
column l a s e r s .  T y p i c a l  n o i s e  l e v e l s  o f  around 20% p ea k -to -p e a k  i n  
t h e  f r e q u e n c y  range  0-500  kHz have been r e p o r t e d  (Brown and 
G in s b e rg ,  1974) .  The o r i g i n  o f  n o i s e  i n  t h e  o u t p u t  h a s  been 
a t t r i b u t e d  t o  s e v e r a l  f a c t o r s ,  i n c l u d i n g  l o c a l  v a r i a t i o n s  i n  t h e  
d e n s i t y  o f  e x c i t e d  cadi.iium i o n s  (Gol ikonov  and Z a i t s e v ,  1977) and 
s t r i a t i o n  waves i n  t h e  p o s i t i v e  column ( J o h n s t o n e  and Kolb, 1976) 
However, by c a r e f u l  s e l e c t i o n  o f  he l ium  p r e s s u r e ,  d i s c h a r g e  c u rren t  
and cadmium vapour  d e n s i t y ,  n o i s e  l e v e l s  below 15 can be a c h i e v e d  
a l t h o u g h  somet im es  a t  a s l i g h t  s a c r i f i c e  i n  o u t p u t  power ( S i l f v a s t  
and S s e t o ,  1971;  N e i g e r  and Nemec, 1978) .
S i n c e  S i l f v a s t  f i r s t  p r opose d  t h a t  Penn ing  r e a c t i o n s  
were  r e s p o n s i b l e  f o r  p r o d u c i n g  t h e  p o p u l a t i o n  i n v e r s i o n  i n  t h e  
cadmium i o n ,  much o f  t h e  r e s e a r c h  i n v o l v i n g  He-Cd p o s i t i v e  column 
l a s e r s  has  been d i r e c t e d  tow ards  g a i n i n g  a more d e t a i l e d  
u n d e r s t a n d i n g  o f  t h e  p r o c e s s e s  r e s p o n s i b l e  f o r  t h e  observed  
e x p e r i m e n t a l  b e h a v i o u r .  I n  p a r t ic u l a r ,  t h e  s a t u r a t i o n  c f  l a s e r  
o u t p u t  power a s  a f u n c t i o n  c f  p r e ssu r e ,  c u r r e n t  and m etal vapour
— 14  " •
d e n s i t y  has  be e n  t h e  s u b j e c t  of  i n v e s t i g a t i o n  by many w o r k e r s .  
G i a l l o r e n z i  and Ahmed (1971)  s u g g e s t e d  t h a t  t h e  p r im a ry  c a u s e  of  
s a t u r a t i o n  e f f e c t s  l i e s  i n  t h e  i n e l a s t i c  e l e c t r o n  c o l l i s i o n s  which  
d e p o p u l a t e  t h e  t h e  He m e t a s t a b l e  l e v e l s .  S t a r t i n g  w i t h  t h e
a s s u m p t io n  t h a t  P e nn ing  i o n i s a t i o n  was t h e  p red o m in an t  e x c i t a t i o n  
mechanism,  they  found  t h a t  t h e  b e h a v io u r  o f  l a s e r  o u t p u t  and
s i d e l i g h t  l i n e  i n t e n s i t i e s  c o u ld  be a d e q u a t e l y  d e s c r i b e d  i n  t e rm s
o f  r e l a t i v e l y  s i m p l e  r a t e  e q u a t i o n s .  D i r e c t  m easurem ents  o f  t h e
he l iu m  t r i p l e t  and s i n g l e t  m e t a s t a b l e  d e n s i t i e s  a s  f u n c t i o n s  o f  
he l ium  f i l l i n g  p r e s s u r e ,  cadmium vapour  d e n s i t y  and d i s c h a r g e  
c u r r e n t  were o b t a i n e d  by Browne and Dunn (1973)> u s i n g  a  l i n e  
a b s o r p t i o n  t e c h n i q u e .  T h e i r  r e s u l t s  showed t h a t  i n  a  p u r e  he l ium  
d i s c h a r g e ,  m e t a s t a b l e  d e n s i t i e s  d i s p l a y e d  p ronounced  maxima a t  a 
h e l ium  p r e s s u r e  o f  2 T o r r  and r e a c h e d  s a t u r a t i o n  a t  c u r r e n t s  above 
20 iriA, The a d d i t i o n  o f  a  s m a l l  amount o f  cadmium vapour  t o  t h e  
d i s c h a r g e  was found  t o  i n c r e a s e  t h e  c u r r e n t  a t  which m e t a s t a b l e  
d e n s i t i e s  s a t u r a t e d  ( t o  120 ruA) and t o  h a l v e  t h e  v a l u e  o f  t h e  
maximum m e t a s t a b l e  d e n s i t i e s  a c h i e v e d .  They con c lu d e d  t h a t  t h e  
o b s e r v e d  optimum p e r fo rm a n c e  o f  He-Cd l a s e r s  i s  d i r e c t l y  r e l a t e d  to  
t h e  b e h a v io u r  o f  t h e  m e t a s t a b l e  d e n s i t i e s ,  t h e r e b y  e m pha s iz ing  t h e  
im p o r t a n c e  o f  Penn ing  i o n i s a t i o n  a s  a  pumping mechanism.  
F u r th e r m o r e ,  they  found  t h a t  t h e  dominant  l o s s  mechanism f o r  
m e t a s t a b l e s  was i o n i s a t i o n  by e l e c t r o n s ,  r e i n f o r c i n g  t h e  r e s u l t s  o f  
G i a l l o r e n z i  and Ahmed ( 1 9 7 1 ) .
Meanwhile ,  t h e  work o f  o t h e r s  i n d i c a t e d  t h a t  t h e r e  
may be a t  l e a s t  two p r o c e s s e s  i n v o l v e d  i n  t h e  i n v e r s i o n  mechanism.  
C s i l l a g  e t  a l ,  (1970)  showed t h a t  t h e  p r e s e n c e  o f  s t r i a t i o n s  i n  t h e  
d i s c h a r g e  enhanced  l a s e r  o s c i l l a t i o n  a t  441 .6  nm. V J i l l g l o s s  and
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Thomas (1973,  1974) showed t h a t  a "break p o i n t " ,  which c o u ld  be
e a s i l y  o v e r l o o k e d ,  o c c u r r e d  i n  t h e  c u rve  o f  l a s e r  o u t p u t  v e r s u s
d i s c h a r g e  c u r r e n t ,  and f u r t h e r  d e m o n s t r a t e d  t h a t  an  i n c r e a s e  i n  
c u r r e n t  above  t h e  b rea k  p o i n t  was accompanied by t h e  o n s e t  o f
d i s c h a r g e  s t r i a t i o n s .  They a t t r i b u t e  t h e s e  s t r i a t i o n s  t o  t h e
"SE8 ER" e f f e c t  ( S o u rc e  o f  E l e c t r o n s  i n  a S e l e c t e d  Energy Range) .  
B r i e f l y ,  t h i s  o c c u r s  when a g roup  o f  loi;  e n e rg y  e l e c t r o n s
e n c o u n t e r s  a s p a t i a l  p o t e n t i a l  d rop  o f  10-20  eV, thereby i n c r e a s i n g  
t h e i r  e n e rg y .  The e l e c t r o n s  t h e n  l o s e  t h i s  e n e rg y  by i n e l a s t i c
c o l l i s i o n s  w i t h  t h e  g a s ,  which m a n i f e s t s  i t s e l f  a s  a s t r i a t i o n .
From t h e i r  exp er im en ta l  o b s e r v a t i o n s  o f  l i n e  i n t e n s i t i e s  i n
s i d e l i g h t  and e n d l i g h t ,  they  conclude th a t  d i r e c t  e l e c t r o n
e x c i t a t i o n  t o  t h e  uppe r  l a s e r  l e v e l  o c c u r s  t o g e t h e r  w i t h  P enn ing  
i o n i s a t i o n .
The work o f  Mori  c t  a l ,  1977,  1978 and Goto e t
a l ,  1 9 7 6  ha s  p r o v i d e d  much i n f o r m a t i o n  on the  p o p u l a t i o n  d e n s i t i e s  
o f  v a r i o u s  a to m ic  and i o n i c  l e v e l s  i n  p o s i t i v e  column He-Cd
d i s c h a r g e s .  In  p a r t i c u l a r ,  d i r e c t  m easu rem en ts  o f  t h e  u p p e r  and 
low er  p o p u l a t i o n  d e n s i t i e s  i n v o l v e d  w i t h  t h e  4 4 1 .6  nm t r a n s i t i o n
have  been  made u s i n g  a m o d i f i e d  l i n e  a b s o r p t i o n  and g a i n  t e c h n i q u e  
(Mori  e t  a l ,  1978) .  T h e i r  r e s u l t s  show t h a t  t h e  p o p u l a t i o n  d e n s i t y  
o f  t h e  l a s e r  low er l e v e l  i s  s i g n i f i c a n t l y  l a r g e  t o  w a r r a n t  i t s  
i n c l u s i o n  i n  t h e  i n t e r p r e t a t i o n  o f  s a t u r a t i o n  mechanisms.  
F u r th e r m o r e ,  t hey  f i n d  t h a t  t h e  o b s e r v e d  l a s e r  output power 
pe r f o r m a n c e  c a n n o t  be e x p l a i n e d  s o l e l y  i n  t e rm s  o f  Penn ing  
e x c i t a t i o n .  B e s i d e s  t h e  Penn ing  p r o c e s s ,  th e y  c o n c lu d e  t h a t  
s t e p w i s e  e l e c t r o n i c  e x c i t a t i o n  from t h e  Cd I I  ground s t a t e  i s  a 
m ajor  pumping mechanism for  t h e  Cd I I  441 .6  nm upper l a s e r  l e v e l .
X
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F u t h e r  e x p e r i m e n t a l  e v id e n c e  lias r e c e n t l y  s u b s t a n t i a t e d  t h e s e  
f i n d i n g s  (Goto e t  a l ,  1981, Hane e t  a l ,  1981) .
1 .5  Development  o f  Hollow Ca thode  He-Cd L a s e r s .
S t i m u l a t e d  e m iss io n  f rom a h o llow  c a th o d e  He-Cd
d i s c h a r g e  ( cw ) was f i r s t  o b s e r v e d  i n  1970 by Sc l iuebe l ,  ( 1970) ,
who rep orted  s i x  new l a s e r  w a v e len g th s ,  a l l  a t t r i b u t a b l e  to  
t r a n s i t i o n s  in  Cd I I .  These were  i n  t h e  g r e e n  (533-7  and 537 .8
nm), h i t h e r t o  only  o b s e rv e d  i n  p u l s e d  d is c h a r g e s ,  the red ( 6 3 5 . 5
and 6 3 6 . 0  niii), and t h e  near i n f r a - r e d  (723*7 and 728 .4  n.i) r e g io n s  
o f  t h e  s p e c t ru m .  The. t r a n s v e r s e  d i s c h a r g e  was m ain ta ined  in  a 
s t r u c t u r e  c o n s i s t i n g  o f  an o u t e r  Kovar  anode t u b e ,  9*4 mm ID, and 
an i n n e r  Kovar c a th o d e  rod  i n  which  a 2 mm s l o t  had been mach ined .  
The a c t i v e  l e n g t h  was 45 cm and t h e  cadmium s o u r c e  c o n s i s t e d  o f  
w i r e  l a i d  a l o n g  t h e  i n t e r n a l  anode s u r f a c e  o p p o s i t e  t h e  c a th o d e  
s l o t .  The anode c ou ld  t h e n  be h ea ted  o r  c o o l e d  e x t e r n a l l y .  
D i s c h a r g e  v o l t a g e  was t y p i c a l l y  300 V and th r e s h o ld  c u r r e n t  fo r  
o s c i l l a t i o n  l ay  i n  r ange  13O -  180 mA, i n c r e a s i n g  i n  t h e  sequence  
o f  w a v e l e n g t h s  7 2 8 .4 ,  7 2 3 .6 ,  6 3 6 . 0 , 5 3 7 . 8 ,  6 3 6 . 5 , 533*7 and
441 .6  nm. Sc hue ba l  a t t r i b u t e d  t h e  new t r a n s i t i o n s  t o  charge  
t r a n s f e r  r e a c t i o n s  be tween  h e l iu m  i o n s  and g r o u n d  s t a t e  cadmium 
a toms ;
He 4 -  Cd (ground) He (ground) ( 3 )
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where  d e n o t e s  e x c i t e d  l e v e l s  o f  C d ' .
A p a r t i a l  energy l e v e l  diagram ( f i g  1 . 7 ) shows t h e  
r e l e v a n t  he l iu iu and cadmiuL: ( i o n i c )  e ne rgy  s t a t e s  t o g e t h e r  w i t h  t h e  
l a s e r  t r a n s i t i o n s  observed  by S c h u e b c l ,  and o t h e r  t r a n s i t i o n s  which  
have  s i n c e  d i s p l a y e d  l a s e r  o s c i l l a t i o n .
An a l t e r n a t i v e  dob ign  o f  ho l low  c a th o d e  which  h a s
a r g u a b l y  p ro v ed  t o  be t h e  most s u c c e s s f u l  i n  t e rm s  o f  o u t p u t  power
and s t a b i l i t y  i s  t h e  s o - c a l l e d  " f l u t e - t y p e "  geomet ry  ( P i p e r  and 
Webb; 1 9 7 3 ) .  I n  t h i s  c a se ,  t h e  c a t h o d e  i s  a h e a v y - w a l l  s t a i n l e s s  
s t e e l  tube  which h a s  a s e r i e s  o f  anode s id e a r m s  s p a c e d  7-6 cm a p a r t  
( f i g  1 . 8 ( a ) ) .  The c a th o d e  bore was 6 .3 5  lum and i t s  a c t i v e  l e n g t h  
85 cm. , Cadmium was s u p p l i e d  from a s id e a r m  l o c a t e d  a t  t h e  t u b e  
c e n t r e .  Hel ium was p a s s e d  s lo w ly  (100 Atmos c c /m in )  t h r o u g h  th e  
t u b e  from t h e  c e n t r a l  oven t o  ea ch  end to  d i s t r i b u t e  cadmium vapou r  
and p r e s e r v e  c l e a n l i n e s s  i n  t h e  d i s c h a r g e .  With each  anode b e in g  
i n d i v i d u a l l y  b a l l a s t e d  'ay r e s i s t o r s  t o  e n s u r e  e q u a l  c u r r e n t  
d i v i s i o n ,  t y p i c a l  d isc h a r g e  v o l t a g e s  o f  300 V a t  c u r r e n t s  up to  5 A 
were  r e p o r t e d .  L a s e r  o s c i l l a t i o n  on 10 t r a n s i t i o n s  o f  Cd I I  was 
o b s e r v e d ,  w i t h  t y p i c a l  hel ium p r e s s u r e s  o f  8 T o r r  and caditiium oven
s id e a r m  t e m p e r a t u r e s  o f  320 °C, No a t t e m p t  was made t o  o p t i m i s e
t h e  l a s e r  o u t p u t  i n  t e rm s  o f  v a r y i n g  t h e  t r a n s m i t t a n c e  o f  t h e  ouput  
c o u p l e r  and no power lae ssu rem en ts  were  made f o r  t h e  He-Cd l i n e s .  
S e v e r a l  o t h e r  m e t a l  vapour  s y s te m s  were  i n v e s t i g a t e d  w i t h  t h e  same 
d e v i c e  (He-Zn,  He-Se,  H e- I^ )  which ,  t o g e t h e r  w i t h  He-Cd, y i e l d e d  a 
t o t a l  o f  39 l i n e s  r a n g i n g  from 32 5 .0  nia to  880 .4  nm.
Fukuda and Iliya (1974) u s e d  a s e l f - h e a t e d  s e c t i o n e d  
ho l low  c a t h o d e  s t r u c t u r e  o f  m e t a l  and c e r a m i c  c o n s t r u c t i o n  
( f i g  1 . 8 ( b ) )  t o  o b t a i n  s i m u l t a n e o u s  o s c i l l a t i o n  be tw een  s e l e c t e d
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g r o u p s  o f  t r a n s i t i o n s ,  Nino i n d i v i d u a l  Kovar c a th o d e  segm en ts ,  
each  5 cm long  w i t h  a 4 . 2  ox b o re ,  p r o v i d e d  an a c t i v e  l e n g t h  of  
45 cm. The c a th o d e  s e c t i o n s  wore  o p e r a t e d  from a common e x t e r n a l  
anode (24 mi ID) with cadmium l a i d  a lo n g  t h e  i n t e r n a l  s u r f a c e .  
B ecause  t h e  m etal vapour  d e n s i ty  depended on d i s c h a r g e  c u rren t  and 
v o l t a g e ,  t h i s  was e s s e n t i a l l y  a lower  c u r r e n t  d e v i c e  than t h e  
f l u t e - t y p e .  Thus, t y p i c a l  d i s c h a r g e  c u r r e n t s  o f  100 ;;:A p e r  c a th o d e  
were u se d ,  t h e  t o t a l  tube  c u r r e n t  b e in g  1 A f o r  t h e  45 on a c t i v e  
l e n g t h .  Under t h e s e  c o n d i t i o n s ,  c u r r e n t  s a t u r a t i o n  was o b s e r v e d  
f o r  bo th  g r e e n  and r e d  Cd I I  t r a n s i t i o n s ;  no o s c i l l a t i o n  
c h a r a c t e r i s t i c s  f o r  t h e  b lu e  441 .6  nm t r a n s i t i o n  were  r e p o r t e d .
A m o d i f i e d  f l u t e - t y p e  geomet ry  ho l lo w  c a th o d e  
c o m p r i s i n g  a p e r f o r a t e d  c oppe r  p i p e  ( f i g  1 . 8 ( c ) )  e n c l o s e d  i n  a 
p y rex  tu b e  p r o v i d e d  d a t a  f o r  t h e  f i r s t  r e p o r t s  o f  s im ultan eou s  
o s c i l l a t i o n  on v i s i b l e  t r a n s i t i o n s  i n  cadiaiurn ( F u j i !  e t  a l ,  1975) .  
Cadmium was e v a p o r a t e d  from t h e  i n t e r n a l  anode s u r f a c e  s o l e l y  by 
d i s c h a r g e  h e a t i n g ,  so c u r r e n t  and cadmium vapour  p r e s s u r e  c o u ld  no t  
be o p t i m i s e d  i n d e p e n d e n t l y  o f  one a n o t h e r .  C o r r e s p o n d i n g l y , t h e  
maximum c u r r e n t  i n v e s t i g a t e d  was 600 mA. The cathode p i p e  was 
80 cm long  w ith  a 4 mm b o re  and s u p p l i e d  by t e n  e q u a l l y  sp a c e d  
a n o d e s .  A u x i l i a r y  anodes  a t  each  end o f  t h e  tube  p r e v e n t e d  
d i f f u s i o n  o f  cadmium vapou r  t o  t h e  B r e w s t e r  a n g l e d  windows- by 
c a t a p h o r e s i s .  S i m u l t a n e o u s  o s c i l l a t i o n  o f  t h e  v i s i b l e  Cd I I  
t r a n s i t i o n s  was o b t a i n e d  u s i n g  b road  band m i r r o r s  a t  p r e s s u r e s  i n  
t h e  r an g e  7 -  16 T o r r  f o r  cathode t e m p e r a t u r e s  be tw een  230 °C and 
270 °C.
L a s e r  o s c i l l a t i o n  a t  lower s o u r c e  t e m p e r a t u r e s  was 
a c h i e v e d  by t h e  u se  o f  C d -h a l id e s ,  which g e n e r a l l y  have a lower
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m e l t i n g  p o i n t  and h i g h e r  vapour  p r e s s u r e  a t  a g i v e n  t e m p e r a t u r e  
t h a n  t h e  pu re  m e t a l  ( P i p e r  and B r a n d t ,  1 9 7 4 ) ,  The hol lov;  c a th o d e  
s t r u c t u r e  used  was o f  t h e  f l u t e - t y p e  ( P i p e r  and Webb,1973)> a g a i n  
u s i n g  a  f l o w i n g  h e l iu m  sys te m  t o  d i s t r i b u t e  m e ta l  h a l i d e  vapour  and 
m a i n t a i n  c l e a n l i n e s s .  Outpu t  powers o b t a i n e d  were  a lw ays  low er  
w i t h  t h e  h a l i d e s  (Cdig ,  CdBr^ and CdClg ) t h a n  w i t h  t h e  p u r e  m e t a l ,  
and t h r e s h o l d  c u r r e n t s  were h i g h e r .  Some Cd I I  l i n e s  o b s e rv e d  w i t h  
t h e  m e t a l  f a i l e d  t o  o s c i l l a t e  when a m e t a l  h a l i d e  was u sed  ( eg .
6 3 6 .0  nia w i th  any o f  h a l i d e s ,  o r  635 .5  nm w i t h  Cdig and C d C l^ ) .
Another  ho l low  c a thode  s t r u c t u r e  c o n s i s t i n g  o f  e i g h t  
10 cm s t a i n l e s s  s t e e l  s l o t t e d  segmen ts  p l a c e d  i n  a c e ra m ic  
i n s u l a t o r  was d e v e lo p e d  i n  1977 ( f i g  1 . 8 ( d ) ,  C s i l l a g  e t  a l ,  1977 ) .  
The anode was i n  t h e  form of  t u n g s t e n  w i r e  p l a c e d  unde r  t h e  c a th o d e  
s l o t  and was s u r r o u n d e d  by c e ram ic  i n s u l a t o r .  The cadmium was 
p l a c e d  c l o s e  t o  t h e  anode i n  a n o t h e r  s l o t  i n  t h e  ce ra m ic  i n s u l a t o r ,  
t h u s  t h i s  t u b e  was " s e l f - h e a t e d "  by t h e  d i s c h a r g e  c u r r e n t .  Gain 
m easu rem en ts  o f  6$,  5.8/S and 4/S p e r  m e t r e  were  o b s e rv e d  f o r  t h e
g r e e n  ( 5 37 .8  nm), b lu e  (441 .6  nm) and r e d  ( 5 36 .0  rai) l i n e s  
r e s p e c t i v e l y ,  unde r  optimum d i s c h a r g e  c o n d i t i o n s  f o r  each  l i n e .  
Peak c u r r e n t s  (up to  7 A) were o b t a i n e d  w i t h  low a v e ra g e  power by 
u s i n g  h a l f  wave r e c t i f i e d  50 liz ae,  s a t u r a t i o n  o f  l a s e r  o u t p u t  
g e n e r a l l y  o c c u r r i n g  a t  2 -  5 A f o r  t h e  v i s i b l e  t r a n s i t i o n s ,
A l o n g  term problem a s s o c i a t e d  w i t h  ho l low  c a t h o d e s  
i s  t h e  e f f e c t  o f  s p u t t e r i n g  o f  t h e  c a th o d e  s u r f a c e  (White ,  1959) 
which may l e a d  e v e n t u a l l y  t o  a n o d e -c a th o d e  s h o r t  c i r c u i t s  and g a s  
c l e a n - u p .  By c a r e f u l  c o n t r o l  o f  t h e  c a th o d e  t e m p e r a t u r e ,  i t  was 
p ropose d  t h a t  cadmium "monolayer"  c ove ra ge  c o u ld  be a c h i e v e d  f o r  
c a t h o d e  s u r f a c e  p r o t e c t i o n  ( H e r n q v i s t ,  1978 ) ,  Using t h i s
20
t e c h n i q u e ,  t o g e t h e r  w i t h  t h e  c a t a p h o r e t i c  " b o t t l e "  t e c h n i q u e  f o r  
B r e w s t e r  a n g le d  window p r o t e c t i o n ,  H e r n q v i s t  a c h i e v e d  " s e a l e d - o f f "  
l i f e t i m e s  o f  1000 h o u r s  f o r  a  ho l lo w  c a th o d e  441 .6  nm He-Cd l a s e r .
F u j i i  e t  a l  (1979)  f o r m u l a t e d  g u i d e l i n e s  f o r  t h e  
d e s i g n  o f  bo th  p y r e x - e n v e lo p e  f l u t e - t y p e  and c o n c e n t r i c  c y l i n d e r  
t y p e  ho l low  c a t h o d e s ,  f i g  1 . 8 ( e ) ,  b a s i n g  t h e i r  a n a l y s e s  on c a th o d e  
f a l l  t h e o r y .  E a r l i e r  work by F u j i i ,  (1974 ,  1975) had e s t a b l i s h e d
t h e  c o n d i t i o n s  u n d e r  which t h e  n e g a t i v e  glow would be c o n f i n e d  
w i t h i n  t h e  ho l low  c a th o d e ,  r a t h e r  t h a n  s t r i k i n g  to  t h e  e x t e r n a l
c a th o d e  s u r f a c e s ,  f o r  bo th  t h e  p y rex  e n v e lo p e  f l u t e - t y p e  and
c o n c e n t r i c  c y l i n d e r  t y p e .  S u c c e s s f u l  w h i t e - l i g h t  o p e r a t i o n  was 
a c h i e v e d  f o r  t h e  f l u t e  type  geomet ry ,  b u t  i n i t i a l l y  some d i f f i c u l t y  
was e x p e r i e n c e d  i n  o b t a i n i n g  b lu e  o s c i l l a t i o n  a t  441 .6 nm i n  t h e  
c o n c e n t r i c  c y l i n d e r  t y p e ,  ( F u j i i  e t  a l ,  1 9 7 9 ) .  H i i s  was a t t r i b u t e d  
t o  i n s u f f i c i e n t  Cd m e t a l  vapour  and h i g h  t e m p e r a t u r e s  a t  t h e  
i n t e r n a l  c a th o d e ,  which c o u ld  n o t  d i s s i p a t e  h e a t  e f f i c i e n t l y .  I n  a 
l a t e r  p u b l i c a t i o n  however ,  s u c c e s s f u l  w h i t e - l i g h t  o s c i l l a t i o n  was 
r e p o r t e d  from a c o n c e n t r i c  c y l i n d e r  type  h o l low  c a th o d e  ( F u j i i  e t  
a l ,  1 9 0 0 ) .  I n  t h i s  c a s e ,  t h e  i n t e r n a l  c a th o d e  was p e r f o r a t e d  w i t h  
h o l e s  o f  two d i f f e r e n t  d i a m e t e r s .  The l a r g e r  d i a m e t e r  h o l e s  
(4 mm), o f  which t h e r e  were 80 ,  s e r v e d  t o  c o n f i n e  t h e  d i s c h a r g e  
w i t h i n  t h e  h o l low  c a th o d e ,  w h i l e  t h e  s m a l l e r  d i a m e t e r  h o l e s  
( 1 . 6  mm), o f  which t h e r e  were 76 ,  a l l o w e d  a d d i t i o n a l  d i f f u s i o n  o f  
cadmium vapour  f rom t h e  i n t e r n a l  s u r f a c e  o f  t h e  anode i n t o  t o  t h e  
cahode  b o r e .  A l t o g e t h e r ,  t h e s e  h o l e s  a c c o u n t e d  f o r  a 16 % l o s s  o f  
e f f e c t i v e  c a th o d e  a r e a  and c o r r e s p o n d i n g l y  a r e d u c t i o n  i n  ho l low
c a th o d e  e f f e c t ,  a  f a c t  t o  which t h e  a u t h o r s  draw a t t e n t i o n .  The
c o n c e n t r i c  c y l i n d e r  h o l lo w  c a th o d e  had an  a c t i v e  l e n g t h  o f  80 cm.
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and a 4 ou b o r e .  U l i i t e - l i g h t  o p e r a t i o n  was o b t a i n e d  f o r  anode 
t e m p e r a t u r e s  o f  200 -  230 ; p r e s s u r e  and c u r r e n t  dependence were
no t  r e p o r t e d .
A more com p lica ted  d e s i g n  t h a n  t h e  above was
r e p o r t e d  by Otaka e t  a l ,  1981.  A ne s h  g r i d  e l e c t r o d e  was
i n c o r p o r a t e d  i n  t h i s  d e s i g n  t o  improve  d i s c h a r g e  s t a b i l i t y ,  and t h e  
anode  took  t h e  form o f  a r o d  which  r an  t h e  l e n g t h  o f  t h e  t u b s
( f i g  1 . 8 ( f ) ) .  W h i t e - l i g h t  o s c i l l a t i o n  was observed  f o r  e x t e r n a l  
c a th o d e  t e m p e r a t u r e s  i n  t h e  r ange  230-250 °C and p r e s s u r e s  f rom 10 
T o r r ,  below which  t h e  d i s c h a r g e  was u n s t a b l e ,  t o  14 T o r r ,  above 
which no r e d  o s c i l l a t i o n  was o b t a i n e d .
An improved  f l u t e  type  geometry  e s s e n t i a l l y  s i m i l a r  
t o  t h a t  o f  P i p e r  and Webb, bu t  g i v i n g  powers i n  e x c e s s  c f  100
mW/line f o r  b lue  and g r e e n  unde r  optimum c o n d i t i o n s  was r e p o r t e d  by 
Grace and i i c K in to s h ,  1979. I n  t h i s  c a se  t h e  a c t i v e  l e n g t h  was 
60 cm w i t h  a 4 mm b o r e .  T h e re  were  s e v e r a l  r e f i n e m e n t s  i n  t h i s
d e s i g n  ove r  t h a t  o f  P i p e r  and Webb, but  a f a c t o r  o f  10 improvement 
i n  o u t p u t  power i s  d i f f i c u l t  t o  e x p l a i n .  The i n t e r a n o d e  s p a c i n g  
was s m a l l e r  (4 cm compared t o  7 .6  cm) and t h e  oven  d e s i g n  i n c l u d e d  
a p r e m ix in g  chamber w here  incom ing  h e l iu m  a t  t h e  tube  c e n t r e  was 
mixed w i t h  m e t a l  vapour  b e f o r e  b e in g  pumped away a t  v a r y i n g  r a t e s
a l o n g  t h e  t u b e  b o re  t o  ea ch  end o f  t h e  t u b e .  Apart f rom t h e s e
d i f f e r e n c e s  t h e  two d e s i g n s  are v e ry  much t h e  same.
A s e a l e d - o f f  t u b e  o f  s h o r t  a c t i v e  l e n g t h  c o m p r i s i n g  
two 5 cm c a th o d e  s e c t i o n s  and y i e l d i n g  o u t p u t  powers  o f  10 mW 
( b l u e ) ,  3 .5  mW ( g r e e n )  and 1.5 inW ( r e d )  was r e p o r t e d  more r e c e n t l y
(Wang, 1980) .  I n  t h i s  d e s i g n ,  t h e  t u b e  i s  o f  m e t a l - c e r a m i c
c o n s t r u c t i o n .  A cadmium oven s i t u a t e d  a t  t h e  tube  c e n t r e  s u p p l i e s
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m e t a l  vapou r ,  w i th  t h e  geomet ry  t h a t  i s  shown i n  f i g  1 . 8 ( g )  . 
Optimum p r e s s u r e s  were 7 - 8  T o r r  f o r  red and b l u e ,  w h i l e  t h e  g r e e n  
o s c i l l a t i o n  i n c r e a s e d  L i o n o to n ic a l ly  w i th  p r e s s u r e  up t o  20 Torr 
w i t h i n  t h e  r a n g e  i n v e s t i g a t e d .  D i s c h a r g e  c u r r e n t  was i n  t h e  r a n g e  
120 r,iA ( t h r e s h o l d )  t o  240 mA p e r  c a th o d e  s e c t i o n .  A p a r t  f rom th e  
v i s i b l e  Cd I I  t r a n s i t i o n s ,  a n o t h e r  s e v en  t r a n s i t i o n s  r a n g i n g  froLi 
t h e  u l t r a  v i o l e t  (3 2 5 .0  nrj) t o  t h e  n ea r  i n f r a  r e d  ( 7 2 3 . 7 ,  7 2 8 . 4 ,
8 0 6 . 7 ,  8 5 3 . 1 , 86 5 .2  and 887 .8  nm) wore ob s e rv e d .
A no the r  r e c e n t  p u b l i c a t i o n  (K in -h u n g  and 
Grey- î lo rgan ,  1983s)  r e p o r t s  a f l u t e  type  geomet ry e n c l o s e d  i n  a 
g l a s s  e n v e lo p e .  T h i s  tube  y i e l d e d  s u c c e s s f u l  w h i t e - l i g h t  o p e r a t i o n  
o v e r  a b road  r a n g e  of  r e s e r v o i r  t e m p e r a t u r e s  (260 -  380 "C) and 
h e l iu m  p r e s s u r e s  (5 -  25 n B a r ) . I n  t h i s  c a se  dep loym en t  o f  cadmium 
v a pou r  i s  f a c i l i t a t e d  by f l o w i n g  he l iu m  th ro u g h  t h e  oven l o c a t e d  a t  
t h e  tube  c e n t r e  t o  each  end o f  t h e  t u b e ,  where i t  i s  pumped away. 
T o t a l  o u t p u t  powers  o f  40 mW ( s i m u l t a n e o u s  o s c i l l a t i o n )  were 
o b t a i n e d  f o r  a d i s c h a r g e  c u r r e n t  o f  2 A, above which  tube  f a i l u r e  
o c c u r r e d .
I t  i s  w e l l  known t h a t  ho l low  c a th o d e  l a s e r s  o f  t h e  
v a r i o u s  d e s i g n s  d e s c r i b e d  above  a r e  u n s t a b l e  t o  a g r e a t e r  o r  l e s s e r  
e x t e n t .  I n s t a b i l i t i e s  are g e n e r a l l y  a t t r i b u t e d  t o  non-uniform  
d i s t r i b u t i o n s  o f  Cd vapour, t h e r m a l  e f f e c t s  and uneven  cu rren t  
s h a r i n g  by d i f f e r e n t  r e g i o n s  o f  t h e  l a s e r  c a t h o d e s .  These a r e  
p rob lem s  which  must  be overcome f o r  r e l i a b l e  l a s e r  o p e r a t i o n .
1 .6 JiQll.QK.-£ath,ada-£x.Qit.a>tlmJ^le.ü]iaiilaiiis.^
Much of  t h e  i n f o r m a t i o n  a v a i l a b l e  a b o u t  t h e  
e x c i t a t i o n  mechanisms r e l e v a n t  to  He-Cd h o l lo w  c a th o d e  l a s e r s  h a s  
come from d i a g n o s t i c  i n v e s t i g a t i o n s  of  d i s c h a r g e  a f t e r g l o w s .  There 
i s  g e n e r a l  a g re e m e n t  t h a t  t h e  dom inan t  e x c i t a t i o n  mechanism 
r e s p o n s i b l e  f o r  p o p u l a t i n g  t h e  h i g h e r  i o n i c  l e v e l s  o f  Cd I I ,  f rom 
which t h e  g r e e n ,  r e d  and i n f r a  r e d  t r a n s i t i o n s  o r i g i n a t e ,  i s  a 
t h e r m a l  e ne rgy  c h a r g e - t r a n s f e r  r e a c t i o n  o f  t h e  form
+He Cd ("ground) —» He (ground) +  Cd (4-)
a s  p r opose d  by S c h u e b e l ,  a l t h o u g h  t h e r e  i s  e v id e n c e  t h a t  m o l e c u l a r  
He^ i o n s  and He^ m e t a s t a b l e s  a l s o  p l a y  a  r o l e  ( R a jb a r  e t  a l , 1 9 7 7 j  
ICamin and Chanin,  1 9 76 ) ,  p a r t i c u l a r l y  i n  t h e  c a se  o f  t h e  g r e e n  
t r a n s i t i o n s  (Kin-Hung and Grey Morgan, 1 9 8 3 ) .
C o l l i n s  e t  a l ,  (1971)  u s e d  a  s t a t i c  g a s  p u l s e d  
a f t e r g l o w  t e c h n i q u e  i n  c o n d u c t i o n  w i t h  l i n e  a b s o r p t i o n  m easurem ents  
i n  t h e  form o f  decay  r a t e s  f o r  t h e  p o p u l a t i o n  d e n s i t i e s  o f  r e l e v a n t  
e x c i t e d  s p e c i e s .  The o b s e rv e d  decay r a t e s  o f  t h e  441 .6 nm and
325 .0  nm Cd I I  l i n e s  w ere  found t o  f o l l o w  c l o s e l y  t h e  decay  r a t e
3f o r  t h e  he l iu m  ( 2 s  S) t r i p l e t  m e t a s t a b l e  d e n s i t y ,  i n d i c a t i n g  t h a t  
Penn ing  r e a c t i o n s  were  r e s p o n s i b l e  f o r  t h e  p o p u l a t i o n  o f  t h e s e  
l e v e l s .  The measured  decay  r a t e s  f o r  t h e  6 3 5 . 5 ,  6 3 6 . 0 ,  53 3 .7  and
5 3 7 . 8 ,  7 2 3 .7  and 728.4  nm l i n e s  were,  however ,  d i f f e r e n t ,  l e a d i n g
t h e  a u t h o r s  t o  t h e  c o n c l u s i o n  t h a t  r e a c t i o n  (4)  p r o v i d e d  t h e  
m a j o r i t y  o f  e x c i t a t i o n  f o r  t h e s e  l e v e l s ,  e i t h e r  d i r e c t l y  ( f o r  t h e  
6 3 5 . 5 , 6 3 6 . 0 , 7 2 3 .7  and 7 2 8 .4  nm l i n e s )  o r  by c a s c a d e  pumping from
2  4 "
h i g h e r  l e v e l s  ( f o r  t h e  533-7 and 537 .8  nm l i n e s ) .
Q u a n t i t a t iv e  e s t i m a t e s  o f  t h e  r e l a t i v e  r e a c t i o n  
r a t e s  f o r  t h e  p r o d u c t i o n  o f  t h e  Cd I I  l e v e l s  e x c i t e d  by c h a rg e  
t r a n s f e r  c o l l i s i o n s  were  o b t a i n e d  by m e a s u r in g  the  l i n e  i n t e n s i t i e s  
i n  a f l o w i n g  a f te r g lo w  and u s i n g  c a l c u l a t e d  t r a n s i t i o n  
p r o b a b i l i t i e s  i n  t h e  a n a l y s i s  o f  exper im en ta l r e s u l t s  (T urne r -S i . i i th  
e t  a l ,  1973 ) .  The l a r g e s t  r e a c t i o n  r a t e s  were  found  t o  be f o r  
Cd I I  l e v e l s  l y i n g  i n  t h e  en e rg y  ran g e  0 .1  -  0 .4  eV below t h e  He^ 
i o n i c  ground s t a t e .  The a u t h o r s  c o n c lu d e  t h a t  t h e  7 2 3 .7 ,  728 .4  and 
6 3 6 . 0 , 6 3 5 .5  nm l a s e r  t r a n s i t i o n s  a r e  p o p u l a t e d  d i r e c t l y  i n  cha rge
t r a n s f e r  r e a c t i o n s ,  w h i l e  t h e  8 6 6 . 7 ,  853 .0  and 5 3 7 - 8 ,  533 .7  nm
l a s e r  t r a n s i t i o n s  a r e  p o p u l a t e d  by r a d i a t i v e  cascade f ro i :  
h i g h e r - l y i n g  d i r e c t  c h a r g e - t r a n s f e r  e x c i t e d  l e v e l s .
Meanwhile ,  e v id e n c e  was p r e s e n t e d  t h a t  t h e  
p o p u l a t i o n  d e n s i t i e s  o f  t h e  h i g h e r  l y i n g  Cd I I  l e v e l s  w are  no t  
s o l e l y  d e t e r m i n e d  by c h a rg e  t r a n s f e r  p r o c e s s e s  and s u b s e q u e n t  
r a d i a t i v e  d e - e x c i t a t i o n  ( L a tu s h  e t  a l ,  1973) .  Line e m i s s i o n  
s t u d i e s  f rom a p u l s e d  a f t e r - g lo w  s u g g e s t e d  t h a t  c o l l i s i c n a l  
d e - e x c i t a t i o n  by e l e c t r o n s  a l s o  p l a y e d  an i m p o r t a n t  r o l e .  F u r t h e r  
i n v e s t i g a t i o n  o f  t h e s e  " s u p e r e l a s t i c "  c o l l i s i o n s ,  i n  which a Cd I I  
i o n  i s  d e - e x c i t e d  by a s low e l e c t r o n ,  showed t h a t  c o l l i s i o n a l  
d e - e x c i t a t i o n  was c o m p a r a t i v e  w i t h  r a d i a t i v e  decay  f o r  t h o s e  i o n i c
l e v e l s  w i t h  l i f e t i m e s  i n  e x c e s s  o f  100 ns (G reen  and Webb, 1 9 75 ) .
2Thus t h e  Cd I I  (9P P) l e v e l ,  w i t h  a c a l c u l a t e d  l i f e t i m e  o f  480 ns,  
i s  s e v e r e l y  "quenched"  by e l e c t r o n i c  d e - e x c i t a t i o n ,  which a c c o u n t s  
f o r  up t o  95r  o f  t h e  d e - e x c i t a t i o n  from t h i s  l e v e l .  However, t h e  
uppe r  l e v e l s  o f  Cd I I  l a s e r  t r a n s i t i o n s  g e n e r a l l y  have  l i f e t i m e s  o f  
5 - 3 0  ns and c o r r e s p o n d i n g l y  l i t t l e . o r  no d e - e x c i t a t i o n  from t h e s e
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l e v e l s  o c c u r s .
More r e c e n t l y ,  t h e  he l ium  t r i p l e t  ( 2 s  S) m e t & s t a b l e  
d e n s i t i e s  have  been m easu red  i n  a ho l lo w  c a th o d e  f l u t e - t y p e  Hc-Cd 
l a s e r  (M cIn to sh  and Grace ,  1979) w i t h  a view to  c l a r i f y i n g  t h e  
e x c i t a t i o n  mechanism o f  t h e  441 .5  nra l i n e .  R e s u l t s  showed t h a t  
P e n n in g  i o n i s a t i o n  i s  on ly  p a r t l y  r e s p o n s i b l e  f o r  p r o d u c i n g  che 
u p p e r  l e v e l  p o p u l a t i o n ;  d i r e c t  e l e c t r o n  impac t  e x c i t a t i o n  was t h e  
m a jo r  pimiping mechanism.  The a u t h o r s  c o n c lu d e d  t h a t  t h e  o b s e r v e d  
s a t u r a t i o n  o f  t h e  441 .6  nm l i n e  w i t h  d i s c h a r g e  c u r r e n t  i s  due t o  
t h e  f a s t e r  r a t e  o f  e l e c t r o n  im pa c t  e x c i t a t i o n  f o r  t h e  lower  l a s e r  
l e v e l  over  t h e  u p p e r  l a s e r  l e v e l .
1 .7  T h e s i s  Overview.
I n  C h a p t e r  Two, s e v e r a l  l o n g i t u d i n a l  segmented  
d i s c h a r g e  tube  s t r u c t u r e s  a r e  d e s c r i b e d ,  i n  which  t h e  dep lo ym en t  of  
cadmium vapour  i s  a c h i e v e d  by combined d i f f u s i o n  and c a t a p h o r e s i s .  
The c o n d i t i o n s  u n d e r  which t h e s e  s t r u c t u r e s  behave  a s  ho l low  
c a t h o d e s  a r e  d e s c r i b e d  and c o n l u s i o n s  a r e  drawn r e g a r d i n g  t h e i r  
a p p l i c a b i l i t y  f o r  He-Cd* l a s e r s .
A more c o n v e n t i o n a l  t h i n - w a l l a d  ho l low  c a th o d e  
s t r u c t u r e  i s  d e s c r i b e d  i n  C h a p t e r  Three .  The s e v e r e  a x i a l  
t e m p e r a t u r e  v a r i a t i o n s  and o t h e r  p rob lem s  a s s o c i a t e d  w i t h  t h i s  tube  
p r o v i d e  t h e  m o t i v a t i o n  f o r  a c a r e f u l  th e r m a l  a n a l y s i s  c f  ho l lo w  
c a t h o d e s ,  t h e  r e s u l t s  o f  which a r e  a p p l i e d  t o  t h e  d e s i g n  o f  t h e  two 
t u b e s  d e s c r i b e d  i n T l i a p t e r  Four .  Also i n  C h a p t e r  Four ,  t h e  r e s u l t s
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o f  a  s p e c t r o s c o p i c  i n v e s t i g a t i o n  o f  t h e  d i s c h a r g e s  o b t a i n e d  i n  
t h e s e  two t u b e s  a r e  p r e s e n t e d .  C o n c l u s io n s  a r e  drawn r e g a r d i n g  t h e  
i n f l u e n c e  o f  i m p u r i t i e s ,  and c o r r e c t i v e  m e a s u r e s  to  overcome t h e s e  
d i f f i c u l t i e s  a r e  s u g g e s t e d .
An i m p o r t a n t  component  p a r t  o f  a  " w h i t e  l i g h t "  He-Cd 
l a s e r  i s  t h e  o p t i c a l  c a v i t y .  C h a p te r  F i v e  d e s c r i b e s  a  nove l  
a p p l i c a t i o n  o f  f l o w - g r a p h s  t o  t h e  a n a l y s i s  o f  o p t i c a l  t h i n  f i l m s  
f o r  l a s e r  m i r r o r s .  D e s ig n s  based  on t h e  f lo w -g ra p l i  method a r e  
d e s c r i b e d  f o r  t h r e e  broadband  m i r r o r s  ( a  " t o t a l "  r e f l e c t o r  and two 
o u t p u t  c o u p l e r s ) .
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CHAPTER TWO
SEGMENTED DISCHARGE TUBE STRUCTURES
2 .1  G e n e ra l  I n t r o d u c t i o n
One o f  t h e  p rob lem s  a s s o c i a t e d  w i t h  h o l lo w  c a th o d e  
He-Cd l a s e r s  i s  m a i n t a i n i n g  a s u f f i c i e n t l y  u n i fo r m  d i s t r i b u t i o n  o f  
cadraium vapou r  a lo n g  t h e  a c t i v e  l e n g t h  of  t h e  c a t h o d e  b o r e .  R a d i a l  
and a x i a l  v a r i a t i o n s  which  may o c c u r  r e p r e s e n t  a d e p a r t u r e  f rom th e  
c o n d i t i o n s  u n d e r  which  optimum l a s e r  p e r f o r m a n c e  o c c u r s .  The 
d e s i g n  o f  t h e  v a r i o u s  e x i s t i n g  h o l lo w  c a th o d e  s t r u c t u r e s  d e s c r i b e d  
i n  C h a p te r  One i n c o r p o r a t e  e i t h e r  a f l o w i n g  g a s  s y s te m  ( f o r  
example,  t h e  f l u t e - t y p e s  o f  P i p e r  and Uebb, 1973;  Kin-Hung and 
Grey-Horgan ,  1983) o r  s e v e r a l  s o u r c e s  o f  cadmium d i s t r i b u t e d  a l o n g  
t h e  l e n g t h  o f  t h e  d i s c h a r g e  ( f o r  example,  t h e  d e s i g n s  o f  F u j i i  e t  
a l ,  1974 and 1979) .
I n  t h e  f l o w i n g  g a s  s y s t e m s ,  r a d i a l  v a r i a t i o n s  i n  t h e  
m e t a l  vapou r  p a r t i a l  p r e s s u r e  o c c u r  and t h e  r a t e  o f  u sa ge  o f  
cadmium i s  h i g h .  F u r t h e r m o r e ,  t h e s e  s y s te m s  a r e  u n s u i t a b l e  as
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c a n d i d a t e s  f o r  s e a l e d - o f f  l a s e r s  w i t h  l o n g  l i f e .
For  t h o s e  l a s e r s  w i t h  a d i s t r i b u t e d  s o u r c e  o f
cadmium, t h e  m e t a l  vapour  d e n s i t y  c a n n o t  be o p t i m i s e d  i n d e p e n d e n t l y
o f  d i s c h a r g e  c u r r e n t  s i n c e  t h e s e  d e s i g n s  a r e  g e n e r a l l y  o f  t h e  
s e l f - h e a t e d  v a r i e t y .
The e x c e p t i o n  t o  t h e s e  two c a t e g o r i e s  i s  t h e  d e s i g n  
o f  Uang, 1981, i n  v/hioh dep loyment  o f  cackiium v a po u r  i s  a c h i e v e d  by 
d i f f u s i o n  and c a t a p h o r e s i s  f rom a c e n t r a l l y  s i t u a t e d  oven.  
However , t h e  tube  i s  o f  s h o r t  m odu la r  d e s i g n  (10 cm),  and l o n g e r  
a c t i v e  l e n g t h s  r e q u i r e  e x t r a  oven  s o u r c e s  o f  cadmium.
These  p rob le m s  o f  ho l low  c a th o d e  l a s e r s  c o n t r a s t  
m arke d ly  w i t h  t h e  r e l a t i v e  s i m p l i c i t y  o f  p o s i t i v e  column l a s e r s  
u s i n g  c a t a p h o r e t i c  d i s t r i b u t i o n  o f  cadmium v a p o u r .
In  t h i s  c h a p t e r ,  t h r e e  d i s c h a r g e  t u b e  d e s i g n s  a r e
d e s c r i b e d  i n  wh ich  t h e  dep lo ym en t  o f  cadmium va pou r  i s  a c h i e v e d  
t h r o u g h  combined d i f f u s i o n  and c a t a p h o r e s i s  by an  a r r a n g m c n t  o f
d i s c h a r g e  e l e c t r o d e s  which g i v e s  a n e t  a x i a l  e l e c t r i c  f i e l d .  The 
m a in  d e s i g n  o b j e c t i v e  was t o  o b t a i n  a s u b s t a n t i a l  n e t  a x i a l  f i e l d  
t o  a c h i e v e  c a t a p h o r e t i c  d i s t r i b u t i o n  o f  cadinium v a p o u r ,  and 
’ t e c h n i c a l  d i f f i c u l t i e s  were  s u b s e r v i e n t  t o  t h i s .  The c o n d i t i o n s  
u n d e r  which t h e  d e s i g n s  display»' t h e  c h a r a c t e r i s t i c s  o f  ho l low  
c a t h o d e s  a r e  d e t e r m i n e d .
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The f i r s t  tube  was o f  K o v a r / g l a s s  c o n s t r u c t i o n  w i t h  
a segmented  bore  c o n s i s t i n g  o f  a l t e r n a t e  anode and c a t h o d e  s e c t i o n s  
( f i g  2 . 1 ) .  Each o f  t h e  f o u r  anode s e c t i o n s  was 12 i n  l e n g t h  
w i t h  a 6 on b o r e ,  and e ach  o f  t h e  c a t h o d e  s e c t i o n s  was 50 mm i n  
l e n g t h  w i t h  a 4 mn b o r e .  An oven s i t u a t e d  between t h e  f i r s t  anode 
and c a th o d e  s e c t i o n s  c o n t a i n e d  cad i ium  of  n a t u r a l  i s o t o p i c  
abundance  i n  t h e  form o f  2 imu d i a m e t e r  w i r e  ( Joh n s o n -M a t th e y  
C h e m ic a l s  L t d . ,  " S p e c p u r e ” p r o d u c t  r a n g e ) .
The c o n s t r u c t i o n  o f  t h i s  tube  p r e s e n t e d  s e v e r a l  
p ro b le m s .  Each o f  t h e  anode and c a th o d e  s e c t i o n s  was o f  16 m  OD 
Kovar rod ,  as  i l l u s t r a t e d  i n  f i g  2 . 2 ( a )  and ( b ) .  A 3 nmi l i p  was 
mach ined  i n  e ach  end o f  each  s e c t i o n  t o  p r o v id e  a s u i t a b l e  s e a l i n g  
s i t e  f o r  t h e  i n t e r m e d i a t e  g l a s s  s e c t i o n s .  The l i p  r e q u i r e s  a 
s u f f i c i e n t l y  t h i n  w a l l  t o  a l l o w  t h e  g l a s s  to  s e a l  on bo th  t h e  
i n t e r n a l  and e x t e r n a l  m e t a l  s u r f a c e s  t o  g i v e  a c o m p le te d  
g l a s s / m e t a l  s e a l  a s  i l l u s t r a t e d  i n  f i g  2 . 2 ( c ) .  The s e c t i o n s  were  
h e l d  t o g e t h e r  i n  a m e c h a n ic a l  " j i g " ,  and t h e  s e a l  was made w i t h  an 
ECH (Eddy C u r r e n t  H e a t e r )  machine  u s i n g  s t a n d a r d  vacuum and 
g a s - f i l l e d  tube  t e c h n o l o g y .  The m e c h a n ic a l  j i g  had  a c o n t r o l l e d  
" d ro p "  of. a p p r o x i m a t e l y  1 .5  mm, which d e t e r m i n e d  how f a r  t h e  m e t a l  
l i p  p e n e t r a t e d  t h e  g l a s s  s l e e v e .  However, a l i g n m e n t  o f  t h e  tube  
p ro v ed  d i f f i c u l t  and t h e  c o m p le te d  tu b e  had a bad ly  s i g h t e d  b o re ,  
w i t h  a p p r o x i m a t e l y  50/i o b s c u r a t i o n .  F u r th e r m o r e ,  t h e  w e i g h t  o f  t h e  
c a th o d e  s e c t i o n s  made t h e  t u b e  s t r u c t u r e  i n h e r e n t l y ,weak,  and 
p r o v e d  t o  be a l i m i t i n g  f a c t o r  i n  t h e  l e n g t h  o f  t h e  t u b e .  By 
c o n s t r u c t i n g  one g l a s s / m e t a l  s e a l  i n  t h e  ECK m achine  and c a r e f u l l y
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a n n e a l i n g  i t  b e f o r e  t h e  n e x t  s e a l  was a t t e m p t e d ,  t h e  com ple te d  tu b e  
was l i m i t e d  t o  f o u r  c a th o d e  s e c t i o n s  g i v i n g  a p o t e n t i a l  a c t i v e  
l e n g t h  o f  20 cm. A t u b e  w i t h  s i x  c a th o d e  s e c t i o n s  g i v i n g  an a c t i v e  
l e n g t h  of  30 cm, which was o r i g i n a l l y  p la n n e d ,  was n o t  f e a s i b l e  
w i t h  t h e  a v a i l a b l e  e qu ipm en t .
As i l l u s t r a t e d  i n  f i g  2 . 1 ,  t h e  c o m p le te d  tube  
i n c o r p o r a t e d  a g l a s s  s i d e - a r m  and a gas  i n l e t / o u t l e t  a t  each  end,  
and was equ ipped  w i t h  B r e w s t e r  a n g l e d  windows.
2 .3  P r i n c i p l e  o f  O p e r a t i o n
The p r i n c i p l e s  u n d e r l y i n g  th e  o p e r a t i o n  o f  t h e  
s egm en ted  bo re  a n o d e / c a t h o d e  s t r u c t u r e  d e s c r i b e d  above a r e  based  
upon  t h e  q u a l i t a t i v e  o b s e r v a t i o n s  o f  c a th o d e  b e h a v io u r  d i s c u s s e d  i n  
C h a p t e r  One. For  a s i n g l e  p l a n a r  c a th o d e  w i t h  an a d j a c e n t  anode ,  
t h e  a r e a  o f  c a th o d e  s u r f a c e  c o v e re d  by n e g a t i v e  glow i s  
a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  d i s c h a r g e  c u r r e n t  a t  low 
c u r r e n t s ,  and t h e  c u r r e n t  d e n s i t y  a t  t h e  c a th o d e  i s  c o n s t a n t .  When 
t h e  d i s c h a r g e  c u r r e n t  h a s  r e a c h e d  a v a lu e  such  t h a t  t h e  c a th o d e  
s u r f a c e  i s  c o m p l e t e l y  c o v e re d  by n e g a t i v e  glow, f u r t h e r  i n c r e a s e s  
i n  c u r r e n t  r e s u l t  i n  i n c r e a s e d  c u r r e n t  d e n s i t y  a t  t h e  c a th o d e  
( ab n o rm a l  glow r e g i m e ) .  I n  t h e  p l a n a r  c a th o d e  d i s c h a r g e ,  t h e  
e l e c t r i c  f i e l d  i n  t h e  n e g a t i v e  glow i s  e s s e n t i a l l y  %ero.
For  a c y l i n d r i c a l  ho l low  c a th o d e ,  t h e  s i t u a t i o n  i s  
s l i g h t l y  d i f f e r e n t .  Probe m e a su rem e n ts  have r e v e a l e d  t h a t  t h e  
o n ~ a x i s  e l e c t r i c  f i e l d  i n  t h e  n e g a t i v e  glow i n  a c y l i n d r i c a l
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c a t h o d e  i s  n o n - z e r o .  The p o t e n t i a l  i s  o b s e rv e d  t o  d e c r e a s e  a s  t h e  
d i s t a n c e  from the  anode i s  i n c r e a s e d  and f a l l s  r a p i d l y  t o  z e r o  a s  
t h e  end o f  t h e  glow i s  e n c o u n t e r e d  ( f i g  2 . 3 ) .  T h i s  r e s u l t  i m p l i e s  
t h a t  t h e  c u r r e n t  d e n s i t y  a t  t h e  c a th o d e  i s  l i k e l y  t o  be a f u n c t i o n  
o f  l e n g t h  w i t h i n  t h e  c y l i n d r i c a l  c a th o d e .  However,  t h e  e x i s t e n c e  
o f  an a x i a l  e l e c t r i c  f i e l d  w i t h i n  a ho l low  c a t h o d e  i s  c l e a r l y
e s t a b l i s h e d ,  and t h u s  t r a n s p o r t  o f  cadxaiun w i l l  o c c u r  by 
c a t a p h o r e s i s  a s  w e l l  a s  by d i f f u s i o n .
With t h e  d i s c h a r g e  tube  c o n n e c t e d  t o  a power sup p ly  
a s  i n d i c a t e d  i n  f i g  2 . 4 ,  t h e  f i r s t  anode draws c u r r e n t  f rom t h e
f i r s t  c a th o d e  s e c t i o n .  The second  anode,  which i s  c o n n e c t e d  to  t h e  
f i r s t  c a th o d e  e x t e r n a l l y  and t h u s  i s  a t  t h e  same p o t e n t i a l ,  draws 
c u r r e n t  f rom t h e  second  c a t h o d e  s e c t i o n ,  and so  on, down t h e  l e n g t h  
o f  t h e  t u b e .  Under  t h e s e  c i r c u m s t a n c e s ,  t h e  f low o f  c u r r e n t  s h o u ld  
t h e n  be a s  i n d i c a t e d  by t h e  a r r o w s  i n  f i g  2 . 4 ,  where  t h e  r e s i s t o r s  
a r e  o f  a h i g h  v a l u e  and a r e  i n c l u d e d  t o  h e l p  d i s c h a r g e  
i n i t i a t i o n .  Tube N o .1 s h o u ld  t h u s  o p e r a t e  a s  a s e r i e s  o f  f o u r  
d i s c r e t e  a n o d e / h o l l o w  c a th o d e  p a i r s .  Each a n o d e /h o l lo w  c a t h o d e  
p a i r  i s  s e p a r a t e d  from i t s  n e ig h b o u r  by a d i s t a n c e  D = 2 cm ( i n  
f i g  2 . 4 ) .  E x t e r n a l  e l e c t r i c a l  c o n n e c t i o n s  be tween  a d j a c e n t  
a n o d e / c a t h o d e  p a i r s  t h e n  c a r r y  t h e  t u b e  c u r r e n t .  The f o l l o w i n g  two 
q u e s t i o n s  t h e n  a r i s e ;  F i r s t l y ,  how c r i t i c a l  i s  t h e  c h o i c e  o f  D i n  
e n s u r i n g  t h a t  each  a n o d e /h o l lo w  c a th o d e  d i s c h a r g e  i s  i s o l a t e d  from 
i t s  n e ig h b o u r ?  D i s t a n c e  D r e p r e s e n t s  "dead  s p a c e "  be tw een  l a s e r  
m i r r o r s  i n  wh ich  t h e r e  i s  l i t t l e  or no o p t i c a l  g a i n  and t h u s  s h o u l d  
be made as  s m a l l  a s  p o s s i b l e .  S e c o n d ly ,  what  d i f f e r e n c e s ,  i f  any,  
w i l l  o c c u r  i f  t h e  e l e c t r i c a l  c o n n e c t i o n s  be tw een  a d j a c e n t
a n o d e /h o l lo w  c a th o d e  p a i r s  a r e  made i n t e r n a l l y  a s  a c o n t i n u o u s
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c o n d u c t i n g  c y l i n d e r ,  r a t h e r  t h a n  e x t e r n a l l y  a s  a w i r e ?  The f i r s t  o f  
t h e s e  q u e s t i o n s  i s  examined w i t h  i n  d e t a i l  on a t h e o r e t i c a l  b a s i s  
i n  S e c t i o n  2 . 1 2 ,  and t h e  second  q u e s t i o n  i s  d e a l t  w i t h  
e x p e r i m e n t a l l y ,  i n  t h e  d e s i g n  and o p e r a t i o n  o f  t u b e s  Nos. 2 and 3.
2 .4  Gas I lsndlinp;  System
The g a s  h a n d l i n g  sys te m  used  t h r o u g h o u t  t h e  c o u r s e  
o f  t h i s  s t u d y  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  f i g  2 . 5 .  The
d i f f u s i o n  pump, r o t a r y  pump and l i q u i d  n i t r o g e n  c o l d  t r a p  a r e
mounted t o g e t h e r  on a m e t a l  ba se  p l a t e  (GEC G e n e r a l  Vacuum
P r o d u c t s ,  Bench Pumping U n i t  PL44) f o r  which  t h e  pumping s p e e d  i s  
15 1 / s e c  and u l t i m a t e  vacuum i s  5 x 10~^ t o r r .  Thermocouple  and 
i o n i s a t i o n  gauges  a r e  i n c l u d e d  between  t h e  c o l d  t r a p  and t h e
d i s c h a r g e  t u b e .  Tube p r e s s u r e  i n  t h e  r a n g e  0-40  t o r r  i s  m o n i t o r e d
by an Edwards " S p e e d i v a c "  c a p s u l e - d i a l  gauge .  I n t e r c o n n e c t i n g  
p i p e s  a r e  e i t h e r  o f  1 /2  " OD c o p p e r  o r  1 /4  " OD s t a i n l e s s  s t e e l .  
V a lv e s  o t h e r  t h a n  t h o s e  on t h e  bench pump u n i t  a r e  "Nupro" n e e d l e
v a l v e s ,  and an  Edwards l e a k  v a l v e  i s  i n c o r p o r a t e d  be tw een  t h e
he l iu m  c y l i n d e r  and t h e  d i s c h a r g e  t u b e .  Vacuum s e a l s  a r e  e i t h e r  
"0" r i n g s  o r  m e t a l  f e r r u l e  f i t t i n g s .  A f l e x i b l e  b e l lo w s  c o n n e c t e d  
be tween  t h e  pump u n i t  and t h e  d i s c h a r g e  tube  m i n i m i s e s  pump
v i b r a t i o n  a t  the  t u b e .
I n i t i a l l y ,  g r a d e  A h e l iu m  (BOG) was u s e d ,  bu t  t h i s  
was l a t e r  s u b s t i t u t e d  f o r  R e s e a rc h  Grade h e l i u m  ( a l s o  BOG).
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2 .5  P.QI:i-QX-..S.UPPly.
The power sup p ly  i s  a  15 kV 1 amp do smoothed 
l a b o r a t o r y - b u i l t  u n i t ,  s u p p l i e d  by 3 - p h a s e  i n p u t  t o  m in im is e  
r i p p l e .  No c u r r e n t  o r  v o l t a g e  s t a b i l i z a t i o n  i s  i n c l u d e d  i n  t h e  
s u p p ly .
2.6 _Qp.er.a.ting ,GharaG.terlstiGa_.of.....T.ube__ND ]^_K.
A t t e m p t s  t o  o b t a i n  r e p r o d u c i b l e  o p e r a t i o n  o f  t h e  
d i s c h a r g e  were f r u s t r a t e d  by a i r  l e a k s ,  which o c c u r r e d  m a in ly  i n  
t h e  g l a s s  s e c t i o n s ,  and t h u s  l i t t l e  q u a n t i t a t i v e  d a t a  c o u ld  be 
o b t a i n e d  from tube  No.1 .  The g l a s s  s e c t i o n s  f r a c t u r e d  and were  
s u b s e q u e n t l y  r e p a i r e d  t h r e e  t im e s  a l t o g e t h e r ,  a lw ays  w i t h i n  s e v e r a l  
h o u r s  a f t e r  s w i t c h i n g  t h e  d i s c h a r g e  o f f .  The f o u r t h  f r a c t u r e  was 
more s e r i o u s  b e c a u s e  i t  o c c u r r e d  a t  a  g l a s s / m e t a l  s e a l ,  and c o u ld  
n o t  be r e p a i r e d .  T h i s  b e h a v io u r  i s  t h o u g h t  to  be due t o  d i f f e r e n t  
c o o l i n g  r a t e s  f o r  t h e  g l a s s  s e c t i o n s  which coo l  q u i c k y ,  and t h e  
m e t a l  s e c t i o n s ,  which a r e  much more m a s s i v e  and c o r r e s p o n d i n g l y  
c o o l  more s lo w ly .
O p e r a t i o n  o f  a  d i s c h a r g e  i n  t h e  tube  r e v e a l e d  t h a t  
t h e  d i s c h a r g e  impedance  i n c r e a s e d  m o n o t o n i c a l l y  a s  a f u n c t i o n  o f  
t im e ,  a f t e r  an i n i t i a l  s h o r t  t erm d e c r e a s e .  An i n c r e a s i n g  
d i s c h a r g e  impedance  i s  a c h a r a c t e r i s t i c  a s s o c i a t e d  w i t h  "leal<y" 
o p e r a t i o n ,  a l t h o u g h  t h e  mechanisms by which t h i s  o c c u r s  a r e  n o t  
c o m p l e t e l y  c l e a r .  There  a r e  two p o s s i b l e  p r o c e s s e s  which may
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p ro d u ce  t h i s  e f f e c t .  F i r s t l y ,  e l e c t r o n e g a t i v e  g a s e s ,  such as  
oxygen,  can e f f e c t i v e l y  remove e l e c t r o n s  form t h e  d i s c h a r g e  and 
c o r r e s p o n d i n g l y  a h i g h e r  c a th o d e  f a l l  v o l t a g e  i s  r e q u i r e d  t o  
i n c r e a s e  t h e  p r o d u c t i o n  o f  s e c o n d a r y  e l e c t r o n s  n e c e s s a r y  f o r  
d i s c h a r g e  m a i n t a i n a n c e  ( F r a n c i s ,  1956) .  A l t e r n a t i v e l y ,  i m p u r i t i e s  
p r e s e n t  may c o n t a m i n a t e  t h e  c a th o d e  and d e c r e a s e  t h e  y i e l d  o f
s e c o n d a r y  e l e c t r o n s  f o r  a g i v e n  c a th o d e  f a l l .
D e s p i t e  t h e s e  d i f f i c u l t i e s ,  some u s e f u l  i n f o r m a t i o n
was o b t a i n e d  from tu b e  Ho.1,  i n  t h e  form o f  c u r r e n t  c h a r a c t e r i s t i c s
and Q u a l i t a t i v e  o b s e r v a t i o n s  o f  t h e  d i s t r i b u t i o n  o f  caomiun v a p o u r  
down t h e  d i s c h a r g e  l e n g t h .
With t h e  tube  c o n n e c t e d  i n  t h e  c i r c u i t  i l l u s t r a t e d
i n  f i g  2 . 6 ,  t h e  c u r r e n t s  I.j and t h e  t u b e  v o l t a g e  V, and t h e
c a th o d e  t e m p e r a t u r e  T were  m o n i t o r e d  a s  a f u n c t i o n  o f  t im e .
T y p i c a l  r e s u l t s  a r e  g i v e n  i n  f i g  2 . 7 ,  wh ich  i l l u s t r a t e s  t h e
i n c r e a s i n g  d i s c h a r g e  impedance  m en t io n e d  above ,  and f i g  2 . 8 ,  which  
g i v e s  t h e  warm-up t im e  f o r  t h e  t u b e .  The r e s i s t o r s  (100 k) were 
removed s i n c e  i t  was found  t h a t  t h e  d i s c h a r g e  would i n i t i a t e
r e a d i l y  w i t h o u t  them.
Cadmium s u p p l i e d  from t h e  s i d e a r m  c o u ld  be
i n t r o d u c e d  i n t o  t h e  r e g i o n  be tween  t h e  f i r s t  anode and c a th o d e  by 
t h e r m a l  e v a p o r a t i o n .  The h e a t e r  was i n  t h e  form o f  n i chrome t ap e  
wound l o n g i t u d i n a l l y  on a s i l i c a  fo rm er  which  was t h e n  c a r e f u l l y  
p o s i t i o n e d  i n  a d r i l l e d  h o l e  i n  a f i r e b r i c k .  The f i r e b r i c k  c o u ld  
t h e n  be p o s i t i o n e d  a t  t h e  cadriium s o u r c e  such  t h a t  t h e  s i d e a r m  
p r o j e c t e d  i n t o  t h e  t h e  h o l e  i n  t h e  f i r e b r i c k .  The n i oh roue  e le m e n t  
was h e a t e d  by a " V a r i a c "  a u t o - t r a n s f o r m e r  d i r e c t l y ,  no a t t e m p t  
b e in g  made a t  t h i s  s t a g e  t o  c o n t r o l  t h e  t e m p e r a t u r e
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e l e c t r o n i c a l l y .  A t h e r m o c o u p le  p l a c e d  between t h e  s i l i c a  fo rm e r  
and t h e  s id e a r m  m o n i t o r e d  t h e  cadmium s o u r c e  t e m p e r a t u r e .  Upon 
s w i t c h i n g  t h e  s id e a rm  h e a t e r  on, t h e  c u r r e n t  was s l o w l y  i n c r e a s e d  
u n t i l  cadmium l i n e s  w ere  o b s e r v e d  i n  t h e  r e g i o n  be tw een  t h e  f i r s t  
anode and c a th o d e  p a i r .  The l i n e s  m o n i t o r e d  ( q u a l i t a t i v e l y  a t  t h i s  
s t a g e  w i t h  a hand h e l d  s p e c t r o s c o p e )  were t h e  Cd I I  g r e e n  l i n e s ,  a t
5 3 3 . 7  mu and 537 .8  nm. W i t h i n  s e v e r a l  m i n u t e s ,  t h e  same l i n e s  were
e q u a l l y  o b s e r v a b l e  a t  t h e  " t a i l " end o f  t h e  l a s t  c a th o d e  s e c t i o n ,  
p r o v i d e d  t h a t  t h e  tube  t e m p e r a t u r e  m o n i t o r e d  a t  t h e  c a th o d e  
s e c t i o n s  was above  t h a t  o f  t h e  s id e a r m .  T h i s  i n d i c a t e d  t h a t  
cadmium was b e in g  t r a n s p o r t e d  down t h e  l e n g t h  o f  t h e  t u b e .  F u r t h e r  
e v id e n c e  t h a t  t h e  cadmium t r a n s p o r t  was a i d e d  by t h e  a x i a l  e l e c t r i c  
f i e l d  was p r o v i d e d  by t h e  r e l a t i v e l y  l a r g e  amount  o f  cadmium
d e p o s i t e d  on t h e  i n n e r  s u r f a c e  o f  t h e  g l a s s  b e h in d  t h e  t a i l  end o f
t h e  l a s t  c a th o d e  s e c t i o n .  By com par i son ,  on ly  a s m a l l  amount  o f  
cadmium was d e p o s i t e d  i n  t h e  tube  on t h e  f i r s t  anode s i d e  o f  t h e  
"cadmium" s id e a r m .  The o b s e r v e d  s l i g h t l y  y e l l o w - b r o w n  a p p e a r a n c e  
o f  t h e  d e p o s i t e d  cadmium i s  a l s o  i n d i c a t i v e  o f  l e a k y  o p e r a t i o n ,  
t h i s  c o l o u r  b e in g  c h a r a c t e r i s t i c  o f  cadmium o x i d e .
The r a t i o  I ^ / I ^  d e t e r m i n e s  how much o f  t h e  t o t a l  
d i s c h a r g e  c u r r e n t  i s  f l o w i n g  t h r o u g h  t h e  c a t h o d e  s e c t i o n s .  The 
most  s i g n i f i c a n t  f e a t u r e  c h a r a c t e r i s i n g  t h e  o p e r a t i o n  o f  t h i s  tube  
i s  t h a t  over  t h e  r a n g e  o f  he l ium  p r e s s u r e s  (10 -25  T o r r ) ,  d i s c h a r g e  
c u r r e n t s  (0 -110  mA) and cadiaium oven t e m p e r a t u r e s  (250-350 ^C) 
i n v e s t i g a t e d ,  t h e  m ea su red  r a t i o  I ^ / I ^  n e v e r  d e v i a t e d  from u n i t y ,  
w i t h i n  t h e  a c c u r a c y  o f  t h e  ammeters  u s e d  (5%). F u r th e r m o r e ,  
p e r i o d i c  checks  on t h e  v o l t a g e  d i s t r i b u t i o n  down t h e  l e n g t h  o f  t h e  
tube  showed t h a t  t h e  t o t a l  d i s c h a r g e  v o l t a g e  was d i v i d e d  e q u a l l y
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be tw een  t h e  c a t h o d e  s e c t i o n s ,  t o  w i t h i n  i S lS .  Thus i t  may be 
c o n c lu d e d  t h a t  w i t h  t h e  p r e s e n t  e l e c t r o d e  c o n f i g u r a t i o n ,  the  l o n g e r  
s e gm e n ts  behave  a s  ho l lo w  c a t h o d e s  when o p e r a t e d  i n  s e r i e s ,  and 
t h a t  dep loym ent  o f  cadi,iium vapou r  i s  a i d e d  by t h e  r e s u l t i n g  n e t  
a x i a l  e l e c t r i c  f i e l d .
A p h o t o g ra p h  o f  tu ’be No.1 a f t e r  f a i l u r e  ( p l a t e  2 . 1 )  
shows t h a t  t h e  g l a s s / m e t a l  s e a l s  were  o p e r a t e d  a t  t e m p e r a t u r e s  
s u f f i c i e n t l y  h igh  t o  c a u se  t h e  g l a s s  t o  " s o f t e n " .
T h i s  o c c u r s  a t  a t e m p e r a t u r e  of-vSRS f o r  K o d i a l  (Kovar  s e a l i n g  
g l a s s ) .
A t t e m p ts  made t o  o b t a i n  l a s e r  o s c i l l a t i o n  on t h e  
v i s i b l e  l i n e s  o f  Cd I I  were u n s u c c e s s f u l .  The o p t i c a l  c a v i t y  
c o m p r i se d  two 2 m - r a d i u s  100% r e f l e c t i v i t y  b road  band m i r r o r s  
( p u r c h a s e d  from CVI L a s e r  C o r p o r a t i o n ,  U .S .A . )  s p a c e d  1 m a p a r t .  
Tube a l i g n m e n t  was made d i f f i c u l t  by t h e  p a r t i a l l y  o b s c u r e d  b o r e ,  
m en t io n e d  above .
I n  view o f  t h e  d i f f i c u l t i e s  e x p e r i e n c e d  w i t h  t h e  
f a b r i c a t i o n  o f  t u b e  No.1,  i t  was a p p a r e n t  t h a t  some d e s i g n  
s i m p l i f i c a t i o n s  were  r e q u i r e d  t o  e n a b l e  a t u b e  o f  more r e l i a b l e  and 
rug g ed  c o n s t r u c t i o n  t o  be b u i l t .  As a s t e p  t o w a rd s  t h i s  g o a l ,  a 
s i m p l e r  segmen ted  b o r e  tube  was c o n s t r u c t e d  ( f i g  2 . 9 ) .
I n  t h i s  c a s e ,  t h e  tube  was o f  a l l  s t a i n l e s s  s t e e l  
and s i l i c a  c o n s t r u c t i o n  w i t h  no i n t e r - s e g m e n t  s e a l s ,  and t h u s  t h e
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p ro b le m s  e x p e r i e n c e d  w i t h  t h e  g l a s s / m e t a l  s e a l s  i n  t h e  p r e v i o u s  
t u b e  were e l i m i n a t e d .
A f u r t h e r  s i m p l i f i c a t i o n  was i n t r o d u c e d  by 
d i s p e n s i n g  w i t h  t h e  a n o d e s ,  and making a l l  t h e  s e c t i o n s  o f  e qua l
l e n g t h  (5 cm). I t  was t h u s  e x p e c t e d  t h a t  t h e  t a i l  end o f  each
c a t h o d e  s e c t i o n  would  s e r v e  a s  an  anode f o r  t h e  ne x t  c a th o d e  
s e c t i o n ,  and so on down t h e  l e n g t h  o f  t h e  d i s c h a r g e  t u b e .  As w i l l  
be d e m o n s t r a t e d  l a t e r ,  t h i s  a s s u m p t i o n  i s  on ly  v a l i d  f o r  r e l a t i v e l y  
low c u r r e n t  v a l u e s .
The tube  c o m p r i se d  f i v e  s t a i n l e s s  s t e e l  s e c t i o n s ,  
each  9 .5  mm OD, s e p a r a t e d  by s i l i c a  s p a c e r s  1 cm i n  l e n g t h ,  and 
mounted i n  a c l o s e  f i t t i n g  o u t e r  s i l i c a  tube  ( 1 0 ,0  -  10.5 mm ID) .  
T h i s  p r e v e n t e d  t h e  d i s c h a r g e  s t r i k i n g  to  t h e  o u t e r  s u r f a c e s  o f  t h e  
s t e e l  segmen ts  ( M iz e ra c z y k  and N e i g e r ,  1983) and made b o re  
a l i g n m e n t  much e a s i e r  t h a n  i n  t h e  p r e v i o u s  t u b e .  Aga in,  t h e  t u b e  
was e q u ip p e d  w i t h  B r e w s t e r  a n g l e d  windows.  Two c u r r e n t  
f e e d t h r o u g h s  i n  t h e  form o f  2 mm d i a m e t e r  t u n g s t e n  r o d s  were
i n c l u d e d  i n  t h e  d e s i g n .  One o f  t h e s e  r o d s  s e r v e d  a s  t h e  f i r s t
anode ,  and t h e  o t h e r ,  w i t h  a t h r e a d e d  n i c k e l  t i p ,  was sc rewed  i n t o  
a t appe d  h o l e  i n  t h e  l a s t  c a th o d e  segment .
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2 .8
Because  o f  t h e  s i m p l i c i t y  o f  c o n s t r u c t i o n ,  t h e  
e l e c t r i c a l  m easu rem en ts  t h a t  c o u ld  be made on t h i s  tube  were 
r e s t r i c t e d  t o  s im p le  VI c h a r a c t e r i s t i c s .  F i g u r e  2 .1 0  shows a 
t y p i c a l  VI c h a r a c t e r i s t i c ,  f o r  h e l iu m  p r e s s u r e s  o f  10 T o r r  and 15 
T o r r ,  r e s p e c t i v e l y .  I t  i s  o b v io u s  from t h i s  f i g u r e  t h a t  above  a 
t h r e s h o l d  c u r r e n t  o f  a p p r o x i m a t e l y  20 mA, the  tube  d i s p l a y s  a 
n e g a t i v e  VI c h a r a c t e r i s t i c ,  i n  c o n t r a s t  w i t h  t h e  b e h a v io u r  e x p e c t e d  
from a n e g a t i v e  glow d i s c h a r g e  d i s c u s s e d  i n  C h a p t e r  One. Thus i t  
may be c o n c lu d e d  t h a t  above  t h i s  v a l u e  of  c u r r e n t ,  t h e  d i s c h a r g e  i s  
i i i i i e r e n t l y  d i f f e r e n t  i n  c h a r a c t e r  t o  t h e  d i s c h a r g e s  o b t a i n e d  o v e r  
wide  r a n g e s  o f  c u r r e n t ,  h e l i u m  p r e s s u r e  and cadtzium vapour  d e n s i t y  
i n  tube  No.1.  Us ing  t h e  same a r r a n g e m e n t  a s  d e s c r i b e d  f o r  tube  
No.1 ,  cadmium c o u ld  be i n t r o d u c e d  i n t o  t h e  d i s c h a r g e  by s lo w ly  
i n c r e a s i n g  t h e  c u r r e n t  p a s s i n g  th ro u g h  t h e  n i chrome h e a t i n g  
e l e m e n t .
T h r e s h o l d  l a s e r  o s c i l l a t i o n  on t h e  g r e e n  l i n e s  o f  
Cd I I  a t  5 3 3 . T nm and 53 7 .8  nm was o b t a i n e d  f o r  t h i s  tube  ove r  a 
w ide  r a n g e  o f  he l ium  p r e s s u r e s  (10 -  40 T o r r )  and f o r  oven 
t e m p e r a t u r e s  i n  t h e  r a n g e  320 -  400 °C. No l a s e r  o s c i l l a t i o n  on 
t h e  o t h e r  l i n e s  o f  Cd I I  was o b t a i n e d .  The c u r r e n t  a t  which  g r e e n  
o s c i l l a t i o n  o c c u r r e d  l a y  i n  t h e  r a n g e  above 100 mA (120 mA was t h e  
maximum c u r r e n t  a p p l i e d  t o  t h e  t u b e ) .
Above 100 mA, t h e  l a s t  c a th o d e  segment  began t o  glow 
r e d  h o t ,  i n d i c a t i n g  an  i n t e r n a l  tube  t e m p e r a t u r e  o f  a t  l e a s t  
525 °C. I n t e r e s t i n g l y ,  t h e  t h e r m a l  glow was o b s e r v e d  a t  one end o f  
t h e  l a s t  c a th o d e  segraent  o n l y .  Tt«70 i m p o r t a n t  f a c t s  may be deduced
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f rom t h i s  uneven h e a t i n g .  F i r s t l y ,  t h e  power i n p u t  t o  t h a t  segc e n t  
was no t  c o n s t a n t  o v e r  i t s  l e n g t h ,  and s e c o n d l y ,  t h e  l a s t  c a th o d e  
segment  was d i s s i p a t i n g  more i n p u t  power t h a n  t h e  o t h e r  s e gm e n ts .  
S p u t t e r i n g  was a l s o  o b s e r v e d  t o  be g r e a t e r  a t  t h e  l a s t  segment .  
The s p a c e r  be tw een  t h e  p e n u l t i m a t e  and u l t i m a t e  c a th o d e  s e c t i o n s  
had  a d i s p r o p o r t i o n a t e l y  l a r g e  amount  o f  s p u t t e r e d  s t e e l  t h a n  was 
o b s e r v e d  a t  t h e  o t h e r  i n t e r - c a t h o d e  s p a c e r s .  T h i s  can be s e e n  i n  
p l a t e  2 . 1 .
These  o b s e r v a t i o n s  s u g g e s t e d  t h a t  t h e  l a s t  c a th o d e  
segment  was p e r h a p s  t h e  on ly  t r u e  c a t h o d e ,  t h e  o t h e r  s e c t i o n s  
p l a y i n g  a s e c o n d a r y  r o l e ,  i f  i n d e e d  any a t  a l l ,  i n  o b t a i n i n g  l a s e r  
o s c i l l a t i o n .  To i n v e s t i g a t e  t h i s  f u r t h e r ,  t h e  d i s c h a r g e  was 
o p e r a t e d  a t  i t s  c u r r e n t  l i m i t  o f  120 mA, and t h e  c a t h o d e  h e a t e r  
t u r n e d  on and a l l o w e d  t o  r e a c h  400 °C. When t h e  Cd I I  l i n e s  were  
e q u a l l y  o b s e r v e a b l e  be tw een  t h e  s i l i c a  s p a c e r s  down t h e  l e n g t h  o f  
t h e  d i s c h a r g e ,  and t h e  o p t i c a l  c a v i t y  a l i g n e d  t o  p roduce  l a s e r  
o s c i l l a t i o n  a t  5 3 3 .7  nm and 537 .8  nn, t h e  oven  was s w i t c h e d  o f f .  
By remov ing t h e  f i r e b r i c k  i n  which t h e  oven  h e a t e r  e l e m en t  was 
s i t u a t e d ,  t h e  s id e a r m  c o n t a i n i n g  t h e  cadmium was a l l o w e d  t o  c o o l
q u i c k l y .  Thus t h e  s u p p ly  o f  cadmium t o  t h e  d i s c h a r g e  was a l s o
q u i c k l y  t e r m i n a t e d .  Over a p e r i o d  o f  s e v e r a l  m i n u t e s ,  t h e  Cd I I  
l i n e s  became w ea ke r ,  f i r s t l y  a t  t h e  anode end o f  t h e  d i s c h a r g e ,  
t h e n  tow ards  t h e  m id d l e  o f  t h e  d i s c h a r g e ,  i n d i c a t i n g  t h a t  t h e  
cadmium vapour  d e n s i t y  was i n d e e d  d i m i n i s h i n g  r a p i d l y .  Meanwhile ,  
t h e  g r e e n  Cd I I  l i n e s  c o n t i n u e d  t o  o s c i l l a t e ,  and o n ly  when t h e
o b s e r v e d  Cd I I  s i d e l i g h t  a t  t h e  c a th o d e  end  o f  t h e  tube  grew
n o t i c e a b l y  weaker  d id  l a s e r  o s c i l l a t i o n  c e a s e .
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2 .9  Tube No.1 D e s c r i p t i o n
Tube No.3 was c o n s t r u c t e d  i n  o r d e r  t o  h e l p  c l a r i f y  
o b s e r v a t i o n s  o b t a i n e d  from tube  No.2,  i n  p a r t i c u l a r  t h e  n e g a t i v e  VI 
c h a r a c t e r i s t i c s .  Tube N o .3 i s  t h u s  s i m i l a r  i n  e l e c t r o d e
c o n f i g u r a t i o n  t o  t u b e  Mo.2 ,  w i t h  t h e  i m p o r t a n t  d i f f e r e n c e  t h a t  
e l e c t r i c a l  a c c e s s  t o  each  o f  t h e  c a th o d e  s e c t i o n s  i s  a l l o w e d  f o r .  
As can  be s e e n  from f i g  2 . 1 1 ,  t h i s  was a c h i e v e d  by c o n s t r u c t i n g  
tu b e  Mo.3 u s i n g  g l a s s / m e t a l  s e a l s ,  where t h e  c a t h o d e  w a l l  was k e p t  
t h i n  ( 0 .5  mr.:), t o  a l l e v i a t e  t h e  p ro b le m s  a s s o c i a t e d  w i t h
d i f f e r e n t i a l  c o o l i n g  e x p e r i e n c e d  w i t h  the  more  m a s s i v e  c a th o d e  
s e c t i o n s  used  i n  t h e  c o n s t r u c t i o n  o f  tube  Mo.1. The tube  c o m p r i s e s  
f o u r  6 cm " c a t h o d e "  Kovar s e c t i o n s ,  and a 5 cm l e n g t h  Kovar anode 
s e c t i o n ,  i n t e r s p e r s e d  by 1 cm l e n g t h s  o f  K o d i a l  g l a s s .  An oven 
s id e a r m  was s i t u a t e d  be tw een  t h e  f i r s t  ( s h o r t )  anode  s e c t i o n  and 
t h e  f i r s t  " c a t h o d e "  s e c t i o n .  The tu b e  was e q u i p p e d  w i t h  B r e w s t e r  
a n g l e d  windows, and be c ause  i t  was c o n s t r u c t e d  i n  a d o u b l e - c h u c k  
g l a s s - b l o w e r s  l a t h e  i n s t e a d  o f  a s t a t i c  m e c h a n i c a l  j i g ,  the  
t u b e - b o r e  was w e l l - a l i g n e d .  Hea t  s i n k s  i n  t h e  form o f  1 /32  " t h i c k  
b r a s s  p l a t e s  were  c a r e f u l l y  a t t a c h e d  t o  each  o f  t h e  c a th o d e  
s e c t i o n s  t o  improve  t h e i r  h e a t  d i s s i p a t i o n .  G r a p h i t e  s o l u t i o n  
(Aqua-Dag) was a p p l i e d  t o  t h e  a r e a  o f  c o n t a c t  be tw een  t h e  b r a s s  
p l a t e s  and t h e  Kovar " c a t h o d e s "  t o  e n s u r e  good  th e r m a l  c o n t a c t .  
With t h i s  a r r a n g e m e n t ,  i t  was found  t h a t  t h e  tube  c o u ld  be o p e r a t e d  
o v e r  a s i m i l a r  r a n g e  o f  c u r r e n t s  t o  t h a t  o f  t u b e  Mo.2.
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2 .1 0  Tube ■ Qpe.r_a.tl-Oii . .
F i g s  2 . 1 2  and 2 .13  g i v e  t h e  VI c h a r a c t e r i s t i c s  f o r
t u b e  Mo.3 a t  heliunz p r e s s u r e s  o f  5 and 10 T o r r  r e s p e c t i v e l y .  These
d ia g r a m s  i n c l u d e  t h e  p o t e n t i a l  a t  each  o f  t h e  m e t a l  s e c t i o n s  a s  a
f u n c t i o n  o f  d i s c h a r g e  c u r r e n t .  I t  can  be s e e n  t h a t  a l l  c a th o d e
s e c t i o n s  d i s p l a y  a p o s i t i v e  VI c h a r a c t e r i s t i c  u n t i l  a p r e s s u r e  
d e p e n d e n t  t h r e s h o l d  c u r r e n t  i s  r e a c h e d .  Above t h i s  t h r e s h o l d
c u r r e n t ,  t h e  f i r s t  f o u r  c a th o d e  s e c t i o n s  showed a sudden  d rop  i n
p o t e n t i a l ,  t h e r e a f t e r  e x i h i b i t i n g  an  a lm o s t  f l a t  or  s l i g h t l y
n e g a t i v e  c h a r a c t e r i s t i c .  Only t h e  l a s t  c a th o d e  was u n a f f e c t e d  a t  
t h i s  t h r e s h o l d  c u r r e n t  and c o n t i n u e d  t o  d i s p l a y  t h e  p o s i t i v e  VI 
c h a r a c t e r i s t i c  a s s o c i a t e d  w i t h  a c a th o d e  glow d i s c h a r g e  i n  which 
t h e r e  i s  no p o s i t i v e  column.
I n t r o d u c i n g  cadmium i n t o  t h e  d i s c h a r g e ,  u s i n g  t h e
same oven a ssem bly  as  t h a t  d e s c r i b e d  above,  a g a i n  p roduced  l a s e r
o s c i l l a t i o n  on t h e  g r e e n  l i n e s  o f  Cd I I ,  no o s c i l l a t i o n  b e in g
o b s e r v e d  f o r  t h e  o t h e r  v i s i b l e  l i n e s .  A s h o r t  s e r i e s  o f  
e x p e r i m e n t s  was t h e n  c o n d u c te d  t o  c o n f i r m  t h a t  on ly  t h e  l a s t
c a th o d e  s e c t i o n  p l a y e d  a r o l e  i n  o b t a i n i n g  l a s e r  o s c i l l a t i o n .
With t h e  c i r c u i t  c o n n e c t e d  a s  i l l u s t r a t e d  i n
f i g  2 . 1 4 ,  where t h e  p e n u l t i m a t e  c a th o d e  s e c t i o n  was c o n n e c t e d  t o  
t h e  power s u p p ly  e a r t h ,  r u n n i n g  t h e  d i s c h a r g e  a g a i n  p roduced  l a s e r
o s c i l l a t i o n  on t h e  g r e e n  l i n e s  o f  Cd I I .  A f t e r  a p p r o x i m a t e l y  one
hou r  o f  o p e r a t i o n  w i t h  t h i s  c i r c u i t  c o n f i g u r a t i o n ,  a cadiiiium 
d e p o s i t  a c c u m u la t e d  between  t h e  u l t i m a t e  and p e n u l t i m a t e  c a th o d e  
s e c t i o n s .  F o l lo w in g  t h i s ,  bu t  w i t h  t h e  c i r c u i t  i l l u s t r a t e d  i n
f i g  2 . 1 5 ,  i n  which t h e  power s u p p ly  o u t p u t  was c o n n e c t e d  t o  t h e
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p e n u l t i m a t e  s e c t i o n ,  d i s c h a r g e  h e a t i n g  o f  t h e  cadmium d e p o s i t  
p r o v i d e d  cadmiuu v a pou r  o f  s u f f i c i e n t  d e n s i t y  t o  o b t a i n  l a s e r  
o s c i l l a t i o n  on t h e  g r e e n  Cd I I  l i n e s  a g a i n .  S i m i l a r  r e s u l t s  w ere  
o b t a i n e d  f o r  each  o f  t h e  c i r c u i t s  i l l u s t r a t e d  i n  
f i g s  2 . I 6 ( a ) ~ 2 . 1 6 ( d )  by o p e r a t i n g  them f o r  one hou r  each i n  t h e  
o r d e r  i l l u s t r a t e d .  Cadmium d e p o s i t e d  a t  t h e  t a i l  end o f  t h e  
c a th o d e  s e c t i o n  d u r i n g  o p e r a t i o n  o f  t h e  c i r c u i t  u sed  i n  f i g  2 . 1 6 ( a )  
by h e a t i n g  t h e  s id e a r m  s o u r c e  t h e n  becomes t h e  s o u r c e  o f  cadiiiium 
f o r  t h e  c i r c u i t  i n  f i g  2 . 1 6 ( b ) ,  and so  on.
2.11 D i s c u s s i o n  o f  Tubes Nos. 2 and 3.
From t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  t u b e s  Nos. 2 
and 3» i t  may be c o n c lu d e d  t h a t  on ly  one o f  t h e  " c a t h o d e "  s e c t i o n s  
i n  each o f  t h e  t u b e s  o p e r a t e d  a s  a ho l low  c a t h o d e  when t h e  
d i s c h a r g e  c u r r e n t  was i n c r e a s e d  above a c e r t a i n  t r a n s i t i o n  v a l u e .  
S i n c e  t h e  t r a n s i t i o n  v a l u e  i s  w e l l  below t h e  o b s e r v e d  t h r e s h o l d  
v a l u e  o f  d i s c h a r g e  c u r r e n t  f o r  l a s e r  o s c i l l a t i o n ,  i t  may a l s o  be 
c o n c lu d e d  t h a t  l a s e r  o s c i l l a t i o n  i n  bo th  t u b e s  was due t o  one 
c a t h o d e  s e c t i o n  o n l y .  Thus t u b e s  Nos. 2 and 3 were  e s s e n t i a l l y  
s h o r t  a c t i v e  l e n g t h  t u b e s  (5 cm).
The e x i s t e n c e  o f  a t r a n s i t i o n  p o i n t  f o r  t h e s e  
d i s c h a r g e s  may be u n d e r s t o o d  i n  t e rm s  o f  t h e  b e h a v io u r  o f  t h e  
n e g a t i v e  glow a t  t h e  c a th o d e  s u r f a c e  a s  t h e  c u r r e n t  i s  v a r i e d .  At
c u r r e n t s  below t h e  t r a n s i t i o n  v a l u e ,  t h e  c a th o d e  s u r f a c e  i s  on ly
p a r t i a l l y  c o v e re d  i n  n e g a t i v e  glow.  For  a c y l i n d r i c a l  c a t h o d e ,  i t
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i s  c o n v e n i e n t  t o  d e f i n e  t h e  "plasma l e n g t h "  a s  t h e  a x i a l  e x t e n t  o f  
t h e  n e g a t i v e  glow a s s o c i a t e d  w i t h  one anode ,  a t  a g i v e n  d i s c h a r g e  
c u r r e n t  and h e l iu m  p r e s s u r e .  Below t h e  t r a n s i t i o n  c u r r e n t ,  t u b e s  
Nos. 2 and 3 behave  a s  a s e r i e s  o f  h o l low  c a t h o d e s ,  t h e  t a i l  end 
o f  each  c a th o d e  s e r v i n g  a s  an anode  f o r  t h e  n e x t  c a th o d e  and so 
on.  When t h e  d i s c h a r g e  c u r r e n t  i s  i n c r e a s e d  s u c h  t h a t  t h e  plasma 
l e n g t h  i s  e q u a l  t o  t h e  c a th o d e  l e n g t h ,  t h e  t r a n s i t i o n  p o i n t  i s  
r e a c h e d  and on ly  t h e  l a s t  m e t a l  s e c t i o n  behaves  a s  a ho l lo i f  c a th o d e  
f o r  c u r r e n t s  above  t h i s  v a l u e .  The o t h e r  seg iuen ts  e x p e r i e n c e  a 
drop  i n  p o t e n t i a l  a t  t h e  t r a n s i t i o n  p o i n t .  From f i g s  2 . 1 2  and 
2 . 1 3 ;  a plasma l e n g t h  o f  5 cm i s  o b t a i n e d  f o r  h e l iu m  p r e s s u r e s  o f  5 
and 10 To r r  a t  38 ±3 and 24 ±3 mA r e s p e c t i v e l y .
2 . 1 2  J)lacu s_ sio n  o f  Tube Mo.1.
I n  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  from t u b e s  Hos.2 and 
3,  tube  Mo.1 behaved  a s  a s e r i e s  o f  ho l low  c a t h o d e s  o v e r  a wide  
r a n g e  o f  he l ium  p r e s s u r e s ,  d i s c h a r g e  c u r r e n t s ,  and cadmium oven  
t e m p e r a t u r e s .  The s i g n i f i c a n t  d i f f e r e n c e  be tw een  t u b e  H o .1 and t h e  
o t h e r  two t u b e s  i s  b e l i e v e d  t o  be t h e  e x i s t e n c e  o f  s e p a r a t e  anode 
s e c t i o n s  which w ere  c o n n e c t e d  e x t e r n a l l y  t o  t h e  p r o c e e d i n g  c a th o d e  
s e c t i o n s .
F i g u r e  2 .1 7  shows t h r e e  a n o d e / c a t h o d e  p a i r s  
s e p a r a t e d  from each  o t h e r  by d i s t a n c e  D. I n  t h e  l i m i t  o f  l a r g e  D, 
t h e  d i s c h a r g e s  a r e  i s o l a t e d  and t h u s  when o p e r a t e d  i n  s e r i e s  w i l l  
p e r f o r m  a s  h o l lo w  c a t h o d e s .  The q u e s t i o n  t h e n  a r i s e s  a s  t o  how
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much D may be r e d u c e d  and t h i s  r em a in  t h e  c a s e .
In  t h e  f o l l o w i n g  a n a l y s i s ,  a s o l u t i o n  t o  t h i s  
prob lem i s  d e r i v e d  by e s t i m a t i n g  t h e  d i s t a n c e  D, f rom t h e  " t a i l "  
end o f  t h e  c a th o d e ,  a t  which  t h e  plasma may be j u d g e d  t o  have  
de c aye d  s u f f i c i e n t l y  f o r  i t  n o t  t o  i n t e r f e r e  w i t h  an a d j o i n i n g  
a n o d e / c a t h o d e  p a i r .  Then t h e  e f f e c t s  o f  any p e r t u r b a t i o n s  i n  t h e  
d i s c h a r g e  which  may o c c u r  a t  t h e  t a i l  end o f  one c a t h o d e  a s  a 
r e s u l t  o f  t h e  p r o x i m i t y  o f  an a d j a c e n t  a n o d e / c a t h o d e  p a i r  a r e  
a s s e s s e d  q u a l i t a t i v e l y .
2 . 1 2 . 1  P r e l i m i n a r y  Remarks on t h e  C a l c u l a t i o n  o f  D.
B e f o r e  any c a l c u l a t i o n s  a r e  made, i t  i s  a p p r o p r i a t e  
a t  t h i s  s t a g e  t o  r e - c o n s i d e r  t h e  b a s i c  d i s c h a r g e  tube  i l l u s t r a t e d  
i n  f i g  1 .1 .  I o n s  and p h o t o n s  formed i n  t h e  d i s c h a r g e  c a u se  
s e c o n d a r y  e m i s s i o n  o f  e l e c t r o n s  a t  t h e  c a t h o d e  s u r f a c e .  Tlie 
e l e c t r o n s  t h u s  e m i t t e d  a r e  a c c e l e r a t e d  by t h e  c a t h o d e  f a l l  v o l t a g e  
and e x p e r i e n c e  i n e l a s t i c  c o l l i s i o n s ,  r e s u l t i n g  i n  e l e c t r o n  
m u l t i p l i c a t i o n  and e x c i t a t i o n  o f  a toms,  which  m a n i f e s t s  i t s e l f  a s  
t h e  n e g a t i v e  glow.  The n e g a t i v e  glow i s  b r i g h t e r  tow ards  i t s  
c a th o d e  end,  and d ro p s  o f f  i n  i n t e n s i t y  a s  t h e  d i s t a n c e  from t h e  
c a th o d e  i n c r e a s e s .  Thus a s  t h e  n e g a t i v e  glow i s  t r a v e r s e d ,  more 
and more e l e c t r o n s  which  o r i g i n a l l y  had e n e rg y  eV^ w i l l  have  
s u f f e r e d  i n e l a s t i c  c o l l i s i o n s  and  l o s t  e n e r g y .  In  t h e  Fa rada y  d a r k  
s p a c e ,  t h e  e l e c t r o n s  may be c o n s i d e r e d  t o  be " t h e r m a l i s e d " ,  and 
t h u s  l a r g e l y  i n c a p a b l e  o f  p r o d u c i n g  f u r t h e r  e x c i t a t i o n .  The
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e l e c t r i c  f i e l d  wh ich  o r i g i n a t e s  i n  t h e  Fa raday  d a r k  s p a c e ,  and 
c o n t i n u e s  t h r o u g h o u t  t h e  l e n g t h  of  t h e  p o s i t i v e  column,  t h e n  
a c c e l e r a t e s  t h e  t h e r m a l i s a d  e l e c t r o n s ,  which a c q u i r e  a d r i f t  
v e l o c i t y  a s  t h e y  a r e  r e p e a t e d l y  d e c e l e r a t e d  by i n e l a s t i c  c o l l i s i o n s  
and a c c e l e r a t e d  by t h e  f i e l d .  These i n e l a s t i c  c o l l i s i o n s  t h e n  
p roduce  s u f f i c i e n t  numbers  o f  e l e c t r o n s  by i o n i s a t i o n  t o  uake  good 
r e c o m b i n a t i o n  l o s s e s  a t  t h e  t u b e  w a l l s .
Although  t h e  above  p i c t u r e  i s  a s i m p l e  one ,  i t  
s e r v e s  t o  i l l u s t r a t e  t h a t  s h o u l d  t h e  e l e c t r i c  f i e l d  o r i g i n a t i n g  i n  
t h e  Fa raday  d a r k  sp a c e  be "removed" ,  t h e  d i s c h a r g e  would be 
e x t i n g u i s h e d .  Thus i f  D i n  f i g  2 .17  were  made e q u a l  to  t h e  
combined l e n g t h s  o f  t h e  c a th o d e  d a r k  s p a c e ,  n e g a t i v e  glow and 
Fa rada y  d a rk  s p a c e  t h e n  t h e  d i s c h a r g e s  may be c o n s i d e r e d  t o  be 
i s o l a t e d .  From e x p e r i m e n t a l  o b s e r v a t i o n s  by o t h e r  w o r k e r s ,  t h e  
combined l e n g t h s  o f  t h e  c a th o d e  d a r k  s p a c e ,  t h e  n e g a t i v e  glow and 
t h e  F a rad a y  d a r k  sp a c e  i s  o f  t h e  o r d e r  o f  a few cm f o r  d i s c h a r g e s  
i n  h e l ium  a t  p r e s s u r e s  o f  a  few t o r r  and d i s c h a r g e  c u r r e n t s  o f  
s e v e r a l  t e n s  o f  mA ( F r a n c i s ,  1956 ) .
2 . 1 2 . 2  C a l c u l a t i o n  o f  D.
An e s t i m a t e  o f  D i s  made f o r  one a n o d e / c a t h o d e  p a i r  
f i r s t ,  and t h e n  t h e  e f f e c t s  o f  any p e r t u r b a t i o n s  which  may o c c u r  
due to  t h e  p r o x i m i t y  o f  an  a d j a c e n t  a n o d e / c a t h o d s  p a i r  a r e  a s s e s s e d  
q u a l i t a t i v e l y .  The c a l c u l a t i o n  o f  D p r e s e n t e d  below c o n s i s t s  o f  
t h r e e  s t e p s  ( s e e  f i g  2 . 1 8 ) .
F i r s t l y ,  i t  i s  shown t h a t  t h e  e l e c t r o n
m u l t i p l i c a t i o n  i n  t h e  c a th o d e  d a r k  s p a c e  i s  s u f f i c i e n t l y  s m a l l  to  
be n e g l e c t e d  f o r  t h e  a p p r o x i m a t e  model  d e v e lo p e d  h e r e ,  and t h u s  t h e  
c a t h o d e  d a rk  s p a c e / n e g a t i v e  glow boundary  may be t r e a t e d  a s  a 
p l a n a r  s o u r c e  o f  e l e c t r o n s  which have  i n i t i a l  e n e rg y  eV , where 
V^= 300 v o l t s  i s  t h e  c a th o d e  f a l l  v o l t a g e .  Se c o n d ly ,  t h e  r an g e  o f  
t h e s e  300 eV e l e c t r o n s  i n  he l iu m  a t  10 T o r r  and 700 K i s  
c a l c u l a t e d .  The range  o f  an e l e c t r o n  may be d e f i n e d  a s  t h e  
d i s t a n c e  which i t  w i l l  t r a v e l  on a v e r a g e  b e f o r e  i t s  en e rg y  i s  
r e d u c e d  s u f f i c i e n t l y  t o  r e n d e r  i t  i n c a p a b l e  o f  c a u s i n g  f u r t h e r  
i o n i s a t i o n .  The r a n g e  o f  e l e c t r o n s  so c a l c u l a t e d  h a s  been o b s e rv e d  
t o  a g r e e  w e l l  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  t h e  a x i a l  e x t e n t  o f  
t h e  n e g a t i v e  glow (Brewer and U e s t h a v e r ,  1937) i n  a v a r i e t y  o f  
g a s e s ,  i n c l u d i n g  h e l iu m .  T h i r d l y ,  t h e  a x i a l  d i s t a n c e  over which 
t h e  " t h e r m a l i s e d "  e l e c t r o n s  may t r a v e l  b e f o r e  b e i n g  l o s t  by 
d i f f u s i o n  or  r e c o m b i n a t i o n  i s  c a l c u l a t e d .
2 . 1 2 . 3  -S-tep 1 ; S l e c t r o j i ,  M u l t i p l i c a t i on
E l e c t r o n s  r e l e a s e d  a t  t h e  c a th o d e  by s e c o n d a r y
e m i s s i o n  p r o c e s s e s  a r e  a c c e l e r a t e d  by t h e  e l e c t r i c  f i e l d .  These
e l e c t r o n s  may c a u s e  i o n i s a t i o n  i n  t h e  d a rk  s p a c e  as. f o l l o w s :
e  ( V)  +* He  — 4- &  CO) -f- eCV-~Vi  ) (2 . 1)
where V  i s  the i n i t i a l  e le c tr o n  energy and \A  i s  the average
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e ne rgy  l o s t  by t h e  i o n i s i n g  e l e c t r o n  i n  such a c o l l i s i o n .  I t  i s  
assumed t h a t  t h e  e j e c t e d  e l e c t r o n  h a s  a low e ne rgy  and i s  t h u s  
i n c a p a b l e  o f  p r o d u c i n g  f u r t h e r  i o n i s a t i o n .  The c o l l i s i o n  c r o s s  
s e c t i o n  f o r  i o n i s a t i o n  o f  he l ium  by e l e c t r o n  im p a c t  i s  a f u n c t i o n  
o f  e n e rg y .  However,  i n  t h e  r ange  60 ~ 300 eV, i t s  v a l u e  i s
z 2 . 8  X 10"^"^cm"* t o  w i t h i n  25%, (Brown, 1 9 61 ) ,  and t h i s  
a v e r a g e  v a l u e  w i l l  be u s e d .  C o n s i d e r i n g  a s l a b  o f  t h i c k n e s s
dx i n  t h e  c a th o d e  d a rk  s p a c e ,  t h e  number o f  e l e c t r o n s  c r e a t e d  by 
fsjg e l e c t r o n s  e n t e r i n g  t h e  s l a b  i s :
J N g  =  ( 2 . 2 )
where  i s  t h e  he l ium  atom d e n s i t y .  Thus,  i n t e g r a t i n g  ( 2 . 2 ) ,
t h e  e l e c t r o n  m u l t i p l i c a t i o n  i s
Mg(x) — N g ( 0 )  exp (nc%x)
where  i s  t h e  e l e c t r o n  d e n s i t y  a t  t h e  c a th o d e  and Ng(x) i s  t h e
e l e c t r o n  d e n s i t y  a t  a d i s t a n c e  X from t h e  c a t h o d e .  For  t h e  
d i s c h a r g e s  o b t a i n e d  w i t h  t u b e  No.1 ,  t h e  l e n g t h  o f  t h e  c a th o d e  d a r k  
s p a c e  was t o o  s m a l l  t o  m e a s u r e  w i t h  t h e  naked eye ,  and t h u s  an 
up p e r  l i m i t  e s t i m a t e  o f  0 , 0 5  cm i s  u s e d .  Hence, an  uppe r  l i m i t  
e s t i m a t e  of  1 .2  i s  o b t a i n e d  f o r  t h e  e l e c t r o n  m u l t i p l i c a t i o n  i n  t h e  
c a th o d e  d a r k  s p a c e .
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The boundary p l a n e  be tween  t h e  c a t h o d e  d a r k  s p a c e  
and t h e  n e g a t i v e  glow,  s i t u a t e d  a t  X = 0 i n  f i g  2 . 1 9 ,  may be 
t r e a t e d  a s  a s o u r c e  o f  e l e c t r o n s  w i t h  energy  300 eV. C o n s i d e r i n g  a 
s l a b  o f  t h i c k n e s s  d x s i t u a t e d  X cm from t h e  boundary ,  t h e  
e ne rgy  l o s s  s u f f e r e d  by an e l e c t r o n  i n  t r a v e l l i n g  from X t o  
X t  dx i s  :
d V  = -  n C| |^dx (2.3)
where  T1 i s  t h e  number o f  i o n i s i n g  c o l l i s i o n s  p e r  cm p a t h
l e n g t h  and i s  t h e  a v e r a g e  e ne rgy  l o s t  by an e l e c t r o n  i n  an
i o n i s i n g  c o l l i s i o n .  Thus,  we have
Vp
dV =  — V- n dx Cl.L)1  n  R i  
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w h e re  i s  t h e  i n i t i a l  e l e c t r o n  e n e rg y  a t  X* O , Vp  i s  t h e
e ne rgy  below which t h e  e l e c t r o n s  a r e  i n c a p a b l e  o f  c a u s i n g  f u r t h e r  
i o n i s a t i o n  a t x = R .  , where  R  i s  d e f i n e d  by eq ( 2 . 4 )  a s  t h e  r a n g e  
o f  t h e  e l e c t r o n .  Hence,
R  =  r z . 5 )
For  t h e  c a s e  u n d e r  c o n s i d e r a t i o n ,  = 300 eV, Vp =24.6  eV,
—IT 2( i o n i s a t i o n  p o t e n t i a l  o f  He) and  = 2 , 3  x 10" cm i s  t h e
a v e r a g e  i o n i s a t i o n  c r o s s  s e c t i o n  o f  h e l iu m .  Thus ,  i f  t h e  a v e r a g e
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e ne rgy  l o s t  by an e l e c t r o n  i n  an i o n i s i n g  c o l l i s i o n  i;  
V;  = 31 eV, ( e g  Lehman, 1927) ,  v/e g e t  R = 2 . 3  cm.
The a x i a l  decay  d i s t a n c e  o f  a p lasma w i t h i n  a 
c y l i n d r i c a l  c o n t a i n e r  w i l l  now be now d e t e r m i n e d .  A p l a n e  s i t u a t e d  
a t  X = 0 i s  t h e  s o u r c e  o f  i o n i s a t i o n  ( f i g  2 .2 0 )  and i n  t h e  
c o n t e x t  o f  t h e  e v a l u a t i o n  o f  D c o r r e s p o n d s  t o  t h e  bounda ry  d e f i n i n g  
t h e  end o f  t h e  n e g a t i v e  glow. C o n s i d e r i n g  a s l a b  o f  t h i c k n e s s  
d x  a t  d i s t a n c e  X from t h e  p l a n a r  s o u r c e ,  t h e  f o l l o w i n g  s t e p s  
may be t a k e n  t o  d e r i v e  an e q u a t i o n  d e s c r i b i n g  t h e  a x i a l  decay o f  
i o n i s a t i o n .
From f i g  2 . 2 0 ,  t h e  number o f  e l e c t r o n s  o r  i o n s  which 
e n t e r  s l a b  dX from t h e  s o u r c e  p e r  second  i s  g i v e n  by
( 2 . 6 )
where  V i s  t h e  a v e r a g e  speed  o f  t h e  e l e c t r o n s  o r  i o n s ,  i s
t h e  r a d i a l  d i m e n s io n  o f  t h e  c y l i n d e r  and Dq i s  t h e  a m b i p o la r  
d i f f u s i o n  c o e f f i c i e n t  f o r  e l e c t r o n s  and i o n s  i n  h e l iu m  a t  10 T o r r .  
The f i r s t  terra  i n  eq ( 2 . 6 )  i s  t h e  impingement  f l u x  and t h e  s e cond  
te rm  r e p r e s e n t s  t h e  d i f f u s i o n  te rm.  The r a d i a l  a v e r a g e  o f  t h e  i o n  
o r  e l e c t r o n  number d e n s i t y  i s  . The number o f  e l e c t r o n s  o r
i o n s  which  l e a v e  t h e  s l a b  t o  t h e  r i g h t  p e r  s e cond  i s  g i v e n  by
+  Dc, —  C ^  d x ) T r ç ^  (2.7)u. dx dx
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Again,  t h e  f i r s t  te rm  o f  ( 2 . 7 )  i s  t h e  impingement  f l u x  and t h e  
s e c o n d  term i s  t h e  d i f f u s i o n  t e rm .  The number o f  e l e c t r o n s  o r  i o n s  
l o s t  by volume r e c o m b i n a t i o n  p e r  s e cond  i s  g i v e n  by
oi. N x  TT d x  ( 2 . 8 )
where  CK i s  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t .  The number o f
e l e c t r o n s  o r  i o n s  l o s t  by d i f f u s i o n  t o  t h e  tube  w a l l s  p e r  s e c o n d ,
where  they  a r e  n e u t r a l i s e d ,  i s
H i  ( 1 . ^ )T
where  T ?  ( t h e  a v e r a g e  l i f e t i m e  o f  an i o n  o r  e l e c t r o n  a g a i n s t
d i f f u s i o n  t o  t h e  t u b e  w a l l s )  may be c a l c u l a t e d  from t h e  e q u a t i o n
D ^T  = (2.10)
i n  which  __A_ i s  t h e  c h a r a c t e r i s t i c  d i f f u s i o n  l e n g t h  o f  t h e  
c o n t a i n e r .  For  an i n f i n i t e  c y l i n d e r ,
(McDanie l ,  1964) .  I n  t h e  s t e a d y  s t a t e ,  we have
( 1 . 6 )  -  ( 2 . 7 ) - ( 2 . 8 ) - ( 2 . S )  =  O (2.12)
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E q u a t i o n  ( 2 . 1 2 )  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  a x i a l  decay  
o f  i o n i s a t i o n
E q u a t i o n  ( 2 . 1 3 )  may be r e d u c e d  t o  a f i r s t  o r d e r  e q u a t i o n  by w r i t i n g
d N^   ^ d d dNy d 
dx  ^ dx d d x  P dNX
Thus
d  ^Ny dp
— 1 =  p dx ' dfd*
and eq ( 2 . 1 3 )  become;
P 4 ^  +  ^  O (2.12)
^  d N ,  D „ T
S e p a r a t i n g  t h e  v a r i a b l e s  and i n t e g r a t i n g  y i e l d s
(2.15)
which s i m p l i f i e s  t o ^. - 7  +
(2.16)
F i n a l l y ,  we g e t  •
°  . d NX =
M V Craj-Nxh +  - ^ ( N l - N ^ )
N o  ^  ^C|
( 2 . 1 7 )
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The i n t e g r a l  i n  ( 2 . 1 7 )  i s  n o t  e a s i l y  s o l v e d  a n a l y t i c a l l y  and t h u s  a  
n u m e r i c a l  s o l u t i o n  was o b t a i n e d .  The r e l e v a n t  d a t a  a r e :
\
D q  = 300  onf s e c  \  (Brown, 1 9 61 ) ,
TT  = 3 .1  X 10 ^ s e c ,  ( f rom  eqs  ( 2 . 1 0 )  and ( 2 . 1 1 ) ) ,
cK = 3 . 5  X 10 cm"’se c  \  (Brown,  I 9 6 I )
The e l e c t r o n  d e n s i t y  N q l i e s  i n  t h e  r a n g e  10^^-  10^ ^cm ^ ( B e l a l
and Dunn, 1 9 78 ) .  Us ing  = lO^^cm"^,  pC was c a l c u l a t e d  a s
0 , 5 0  cm. I f  volume r e c o m b i n a t i o n  i s  n e g l e c t e d  by s e t t i n g  = 0 i n
eq ( 2 . 1 7 ) ,  t h e n  X ~ 0 .5 2  cm and t h u s  volume r e c o m b i n a t i o n  may be
n e g l e c t e d  f o r  N q = 10^ ^cm ^ o r  l e s s  w i t h o u t  i n c u r r i n g  s e r i o u s
e r r o r .  The shape  o f  ( x )  may be o b t a i n e d  by e v a l u a t i n g
eq ( 2 . 1 7 ) o v e r  d i f f e r e n t  l i m i t s  o f  i n t e g r a t i o n .  These s h a p e s  a r e
p l o t t e d  i n  f i g  2 .21 f o r  d i f f e r e n t  v a l u e s  o f  N q  . I t  can  be
s e e n  t h a t  eq ( 2 . 1 7 )  y i e l d s  t h e  s u r p r i s i n g  r e s u l t  t h a t
X  d e c r e a s e s  a s  i s  i n c r e a s e d .  However, t h e  r a t e  o f
2.
r e c o m b i n a t i o n  i s  p r o p o r t i o n a l  t o  N ^  , and w i t h  t h e  assumed
boundary  c o n d i t i o n  t h a t  (  — - q t h e  r e s u l t s  a r e ^ dx
s e l f - c o n s i s t e n t .  Ev idence  f o r  t h i s  l i e s  i n  t h e  r e s u l t  t h a t  
X d o e s  n o t  depend on N  ^  i f  cx = 0 ( r e c o m b i n a t i o n  
n e g l e c t e d ) ,  a l l  v a l u e s  o f  KJq y i e l d i n g  t h e  r e s u l t  t h a t  
X = 0 . 5 2  cm. For  a  f i n i t e  c y l i n d e r  o f  l e n g t h  L , t h e  r e q u i r e m e n t  
t h a t  t h e  p a r t i c l e  f l u x  t o  t h e  b o u n d a r i e s  a t  X - — L / Z  i s  z e r o  
y i e l d s  t h e  r e s u l t  t h a t  t h e  p a r t i c l e  d e n s i t y  f o l l o w s  a  
C O S ( ^ )  law .
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From s t e p s  1,2  and 3 above ,  D i s  c a l c u l a t e d  a s  
2 .8 5  cm. Thus i t  may be c o n c lu d e d  t h a t  t h e  anode  c a th o d e  p a i r s  o f  
f i g  2 .17  w i l l  behave  a s  a s e r i e s  o f  ho l low  c a t h o d e s  p r o v i d e d  t h a t  
D >  2.85  era. However,  tube  Mo. 1 behaved  a s  a s e r i e s  o f  ho l low
c a t h o d e s  w i t h  D = 2 . 0  cm, and t h u s  a d i s c r e p a n c y  e x i s t s .  However, 
t h e  c a l c u l a t e d  v a l u e  o f  D i s  an  " upper  l i m i t "  e s t i m a t e  based  on 
a s i m p l i f i e d  model .  For  example,  d i f f u s i o n  l o s s e s  t o  t h e  tube  
w a l l s  w ere  n e g l e c t e d  i n  s t e p  2 above ,  where  t h e  i m p l i c i t  a s s u m p t io n  
was t h a t  t h e  e l e c t r o n s  o r i g i n a t i n g  a t  t h e  c a th o d e  d a r k  
s p a c e / n e g a t i v e  glow boundary  m a i n t a i n e d  t h e i r  " b e a m - l i k e "  
p r o p e r t i e s  u n t i l  t hey  were u n a b l e  to  p roduce  f u r t h e r  i o n i s a t i o n .  
T h i s  i s  e q u i v a l e n t  t o  i g n o r i n g  e l a s t i c  c o l l i s i o n s ,  a p r o c e s s  which  
h a s  a l a r g e  c r o s s  s e c t i o n  e s p e c i a l l y  a t  low e r  e l e c t r o n  e n e r g i e s  
( f o r  example,  ^ f o r  <  4 eV e l e c t r o n s ,  Brown,
1 9 6 1 ) .
A f u r t h e r  c o n s i d e r a t i o n  i s  t h e  e f f e c t  which t h e  
p r o x i m i t y  o f  an a d j a c e n t  a n o d e / c a t h o d e  p a i r  may have  on D. S in c e  
t h e  second  anode i s  a t  t h e  same p o t e n t i a l  as  t h e  f i r s t  c a th o d e  i n  
f i g  2 . 4 ,  e l e c t r o n s  w i l l  be u n a b l e  t o  r e a c h  t h e  s e co n d  anode ,  and 
t h u s  w i l l  be t r a p p e d  w i t h i n  t h e  e l e c t r o s t a t i c  b o t t l e  formed by t h e  
f i r s t  c a th o d e  and t h e  s e co n d  anode .  Thus i t  may a l s o  be deduced  
t h a t  t h e  s i z e  of  t h e  bo re  i n  t h e  s e c o n d  anode (6 mu i n  t u b e  Mo.1) 
w i l l  have  an e f f e c t  on D, t h e  s m a l l e r  t h e  b o re  t h e  s m a l l e r  D may be 
made w i t h o u t  t h e  d i s c h a r g e s  a f f e c t i n g  each  o t h e r .
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D i s c h a r g e  t u b e  s t r u c t u r e s  s i m i l a r  t o  t u b e  No.1 
e x h i b i t  t h e  VI c h a r a c t e r i s t i c s  o f  ho l low c a t h o d e s  o v e r  wide r a n g e s  
o f  c u r r e n t ,  h e l ium  p r e s s u r e  and cadmium vapour  d e n s i t y .  The g l a s s  
s e c t i o n s  which  s e p a r a t e  e ach  a n o d e / c a t h o d e  p a i r  a r e  a  c r u c i a l  
f e a t u r e  o f  t h e  d e s i g n ,  s i n c e  t hey  p r o v i d e  a  r e c o m b i n a t i o n  s i t e  a t  
t h e  t u b e  w a l l s .  I t  h a s  be e n  shown t h a t  t h e s e  g l a s s  s e c t i o n s  have  a 
minimum l e n g t h  below which  t h e  d i s c h a r g e  from one a n o d e / c a t h o d e  
p a i r  i n t e r f e r e s  w i t h  t h e  d i s c h a r g e  be tw een  an  a d j a c e n t  
a n o d e / c a t h o d e  p a i r .
D i s c h a r g e  t u b e s  c o n s i s t i n g  o f  a n o d e /h o l lo w  c a th o d e  
p a i r s  p r o v i d e  a  s t a b l e  glow d i s c h a r g e  s u i t a b l e  f o r  He-Cd ho l low  
c a th o d e  l a s e r s .  When o p e r a t e d  i n  s e r i e s ,  t h e  r e s u l t i n g  a x i a l  
e l e c t r i c  f i e l d  p r o v i d e s  an e f f i c i e n t  means o f  d i s t r i b u t i n g  Cd 
v a pou r  f rom a s i n g l e  oven s o u r c e  by t h e  p r o c e s s  o f  c a t a p h o r e s i s .  
M u l t i p l e  s o u r c e s  o f  cadmium a n d / o r  a  f l o w i n g  g a s  sys tem , which a r e  
n e c e s s a r y  f e a t u r e s  o f  c o n v e n t i o n a l  ho l lo w  c a th o d e  l a s e r s ,  may t h u s  
be d i s p e n s e d  w i t h ,  and g r e a t e r  s t a b i l i t y  a c h i e v e d  i n  t h e  o u t p u t .  
Segmented d i s c h a r g e  t u b e s  i n c o r p o r a t i n g  a n o d e / c a t h o d e  p a i r s  may be 
s u i t a b l e  a s  " s e a l e d - o f f "  d e v i c e s .
Tubes Nos. 2 and 3 were c o n s t r u c t e d  w i t h o u t  d i s c r e t e  
anodes  and behaved  a s  a  s e r i e s  o f  h o l lo w  c a t h o d e s  on ly  a t  low 
v a l u e s  o f  d i s c h a r g e  c u r r e n t .  The VI c h a r a c t e r i s t i c s  showed t h a t  a  
t r a n s i t i o n  c u r r e n t  v a l u e  e x i s t e d  above which  on ly  t h e  VI c u r v e  o f  
t h e  l a s t  c a th o d e  segment  ( a t  power s u p p ly  e a r t h  p o t e n t i a l )  
c o n t i n u e d  t o  d i s p l a y  t h e  p o s i t i v e  s l o p e  a s s o c i a t e d  w i t h  a  n e g a t i v e  
glow d i s c h a r g e  i n  which t h e r e  i s  no p o s i t i v e  column.  The o t h e r
-  62  -  '
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s e gm e n ts  . e x h i b i t e d  a p o t e n t i a l  d ro p  a s  t h e  c u r r e n t  was i n c r e a s e d  j
above  t h e  t r a n s i t i o n  v a l u e .  T h i s  b e h a v io u r  i s  e x p l a i n e d  i n  t e rm s  
o f  t h e  plasma l e n g t h ,  d e f i n e d  i n  S e c t i o n  2 . 1 1 .  The t r a n s i t i o n  
c u r r e n t  v a l u e  i s  r e a c h e d  when t h e  c u r r e n t - d e p e n d e n t  plasma l e n g t h  
becomes e q u a l  to  t h e  segment  l e n g t h .
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CHAPTER THREE
THERMAL DESIGN CRITERIA FOR HOLLOW CATHODE 
He-Cd LASERS.
3.1 I n t r o d u c t i o n .
A l l  o f  t h e  h o l lo w  c a th o d e  d e v i c e s  u s e d  a s  e x c i t a t i o n  
media f o r  He-Cd l a s e r s  depend on th e rm a l  e v a p o r a t i o n  o f  t lia m e t a l  
t o  m a i n t a i n  t h e  m e t a l  atom d e n s i t y  w i t h i n  t h e  r a n g e  ove r  v/hich 
optimum l a s e r  o u t p u t  o c c u r s .  S in c e  t h e  number d e n s i t y / v a p o u r  
p r e s s u r e  o f  cadmium i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t ,  th e r m a l  
s t a b i l i t y  i s  an i m p o r t a n t  f e a t u r e  o f  a l l  ho l low  c a t h o d e  ile-Cd 
l a s e r s .  The a p p r o x i m a t e  e m p i r i c a l  law r e l a t i n g  cadzium vapou r  
p r e s s u r e  and t e m p e r a t u r e  i s  g i v e n  by
l o g / ( T o r r )  -  4 - 0 2  -  ^
(Mesmeyanov, 1963) .
For  t h o s e  h o l lo w  c a th o d e  l a s e r s  o f  t h e  s e l f  h e a t e d
66 -
v a r i e t y  ( e g  F u j i i  e t  a l , 1975) ,  t h e  whole  tube  s t r u c t u r e  needs  t o  
be a t  a u n i fo rm  t e m p e r a t u r e  o t h e r w i s e  l o c a l  v a r i a t i o n s  i n  t h e  
cadmium vapour  p a r t i a l  p r e s s u r e  may o c c u r .  On t h e  o t h e r  hand ,  
t h o s e  ho l lo w  c a t h o d e  l a s e r s  which  have  an  oven  s o u r c e  o f  cadmium 
( P i p e r  and Webb, 1973) g e n e r a l l y  depend on d i s c h a r g e  h e a t i n g  t o  
m a i n t a i n  t h e  e n t i r e  c a th o d e  s t r u c t u r e  a t  a t e m p e r a t u r e  above t h a t  
o f  t h e  oven s o u r c e .
For  bo th  o f  t h e s e  c a t e g o r i e s  o f  l a s e r ,  a x i a l  
t e m p e r a t u r e  g r a d i e n t s  p roduce  l o c a l  v a r i a t i o n s  i n  g a s  d e n s i t y  and 
cadmium vapou r  d e n s i t y  and t h u s  an a x i a l l y  u n i fo r m  t e m p e r a t u r e  
w i t h i n  t h e  c a th o d e  i s  a d e s i r a b l e  d e s i g n  f e a t u r e .
For  s l o t t e d  ho i  loi;  c a t h o d e s  ( eg ,  Sohuebc l  1970) ,  an 
a x i a l l y  un i fo rm  t e m p e r a t u r e  i s  f a c i l i t a t e d  by t h e  use  o f  a 
d i s t r i b u t e d  anode ,  and t h u s  t h e  i n p u t  power p e r  u n i t  l e n g t h  i s  
c o n s t a n t .  However,  f o r  f l u t e - t y p e  g e o m e t r i e s  w i t h  d i s c r e e t  a n o d e s ,  
and c o n c e n t r i c  c y l i n d e r  g e o m e t r i e s  w i t h  p e r f o r a t e d  c a t h o d e s ,  t h e  
i n p u t  power p e r  u n i t  l e n g t h  i s  no t  c o n s t a n t  and t h u s  a x i a l  
t e m p e r a t u r e  g r a d i e n t s  w i l l  o c c u r .  The c h o ic e  o f  i n t o r - a n o c o  
s p a c i n g  f o r  f l u t e - t y p e  g e o m e t r i e s  and t h e  s p a c i n g  o f  t h e  
p e r f o r a t i o n s  i n  c o n c e n t r i c  c y l i n d e r  g e o m e t r i e s  i s  t h u s  no t  s o l e l y  
d e p e n d e n t  on t h e  n e c e s s a r y  c o n d i t i o n  o f  o v e r l a p p i n g  a x i a l  n e g a t i v e  
g low s .  The a x i a l  t e m p e r a t u r e  g r a d i e n t s  which  r e s u l t  must  a l s o  be 
t a k e n  i n t o  a c c o u n t .
I n  t h i s  c h a p t e r ,  a tw in  t h i n - w a l l e d  c a t h o d e  
s t r u c t u r e  w i t h  d i s c r e t e  anodes  i s  d e s c r i b e d .  The th e n . i a l  o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  t h i s  t u b e ,  t o g e t h e r  w i t h  t h o s e  o f  t u b e s  Hos 1, 2 
and 3, show t h e  n e c e s s i t y  f o r  a d e t a i l e d  a n a l y s i s  upon which 
t h e r m a l  d e s i g n  c r i t e r i a  f o r  ho l lo w  c a th o d e  l a s e r s  may be b a s ed .
™ 67 —
3 .2  Tu be Mo. 4_Des o r i  n t  i  o n .
Tube No.4 i s  o f  s i l i c a  and s t a i n l e s s  s t e e l  
c o n s t r u c t i o n ,  w i t h  two 8 cm c a th o d e  s e c t i o n s  and t h r e e  t u n g s t e n  p i n  
a node s  a r r a n g e d  a s  i l l u s t r a t e d  i n  f i g  3» I .  The c a t h o d e  s e c t i o n s  
were o f  t h i n  w a l l e d  ( 0 . 9  ma) s t a i n l e s s  s t e e l  p i p e ,  each  w i t h  a
4 .5  om b o r e .  Th re ade d  n i c k e l  t i p p e d  t u n g s t e n  rods sc re w e d  i n t o  t h e  
c a th o d e  w a l l  s e r v e d  a s  e l e c t r i c a l  " f e e d t h r o u g h s "  f o r  t h e  c a t h o d e s ,  
A c e n t r a l l y  s i t u a t e d  s i d e a r n  c o n t a i n e d  c a d n iu n  o f  n a t u r a l  i s o t o p i c  
abundance ,  and t h e  t u b e  was e q u ip p e d  w i t h  B r e w s t e r  ang led  windows.  
A u x i l i a r y  ove ns  s i t u a t e d  a t  each  end o f  t h e  d i s c h a r g e  r e g i o n  c l o s e  
t o  t h e  end anodes w e r e  i n c l u d e d  i n  t h e  d e s i g n .  The o u t e r  s i l i c a  
e n v e lo p e  f i t t e d  c l o s e l y  o v e r  t h e  e x t e r n a l  c a th o d e  s u r f a c e s  t o  
p r e v e n t  t h e  d i s c h a r g e  from s t r i k i n g  t o  thorn and g e n e r a t i n g  unwanted  
h e a t .  The oven h e a te r  e le m e n t  c o n s i s t e d  o f  a 50 cm l e n g t h  o f  
36 swg Eureka  w i r e ,  wound on a f o rm e r ,  and p l a c e d  o v e r  t h e  s id e a r m ,  
t h e  t e m p e r a t u r e  o f  which  was m o n i t o r e d  w i t h  a thcrmocoup] .c .  An 
a d j a c e n t  t h e r m i s t o r  provided  t h e  n e c e s s a r y  f e e d b a c k  f o r  t h e  
" e l e c t r o n i c  t h e r m o s t a t "  d e s c r i b e d  i n  Appendix  One, c a p a b l e  o f  
m a i n t a i n i n g  a s t e a d y  s id e a r m  t e m p e r a t u r e  t o  w i t h i n  ±  2 °C i n  the  
r a n g e  250 -  350 °C.
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3 .3
The t u b e  was i n i t i a l l y  o p e r a t e d  w ith  t h e  c i r c u i t  
i l l u s t r a t e d  i n  f i g  3 . 2 ( a ) ,  each o f  t h e  t h r e e  a node s  b e in g
i n d i v i d u a l l y  b a l l a s t e d  such  t h a t  t h e  c e n t r a l  anode c a r r ie d  t w ic e  as  
much c u r r e n t  a s  e i t h e r  o f  t h e  a u x i l i a r y  a nodes .
With t h e  c u r r e n ts  s e t  such t h a t  1^  - = 120-15 i.iA,
t h e  i n t r o d u c t i o n  o f  cadmiun in t o  t h e  d i s c h a r g e  p ro d u ce d  l o s i n g  on
t h e  g r e e n  l i n e s  o f  Cd I I  w i t h  t h e  same o p t i c a l  c a v i t y  a s  was
d e s c r i b e d  i n  C h a p t e r  Two, However, l a s i n g  c e a s e d  when t h e  c u r r e n t
d i s t r i b u t i o n  became uneven,  w i t h  I^ = 175 mA and. := 45 mA. A
c l o s e r  i n v e s t i g a t i o n  o f  t h i s  w ith  t h e  c i r c u i t  i l l u s t r a t e d  i n
f i g  3 . 2 ( b )  showed t h a t  t h e  uneven  curren t d i s t r i b u t i o n  o c c u r r e d  i n
a random fa sh io n .  A t te m p ts  t o  overcome t h i s  by i n t r o d u c i n g  a
v a r i a b l e  b a l l a s t  r e s i s t o r  R , i n t o  t h e  c i r c u i t ,  a s  i l l u s t r a t e de x t r a
i n  f i g  3 . 2 ( b ) ,  were u n s u c c e s s f u l .
D ur ing  t h e  c o u r s e  c f  t h e s e  e x p e r i m e n t s ,  i t  was a l s o  
n o t e d  t h a t  t h e  c a th o d e  was b e in g  h e a t e d  non u n i f o r m l y .  B r ig h tn e s s  
t e m p e r a t u r e  m easu rem en ts  w i t h  an o p t i c a l  p y r o m e t e r  showed th a t  
c a th o d e  s u r f a c e s  n e a r e s t  t o  t h e  anodes c o u ld  a t t a i n  tem peratu res  o f  
'v850 ± 1 0 0  °C, w h i l e  t h e  c e n t r a l  a r e a  o f  each c a th o d e  ne ve r  
e xc ee de d  ^^525 °C ( a t  which t e m p e r a t u r e  b l a c k  body r a d ia t io n  
e m i t t e d  by a s u r f a c e  s t a r t s  t o  become v i s i b l e  t o  t h e  naked e y e ) .  
With a t h i n - w a l l e d  c a th o d e  s t r u c t u r e  s u p p l i e d  by d i s c r e t e  a n o d e s  i t  
may t h u s  be c o n c lu d e d  t h a t  non-uniform d i s c h a r g e  h e a t i n g  g i v e s  r i s e  
t o  l a r g e  a x i a l  t e m p e r a t u r e  v a r i a t i o n s .
L a s e r  o s c i l l a t i o n  on t h e  g r e e n  l i n e s  o f  Cd I I  was 
o b t a i n e d  o v e r  a b road  r a n g e  o f  p r e s s u r e s  (10 -  40 T o r r )  f o r
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d i s c h a r g e  c u r r e n t s  o f  a p p r o x i m a t e l y  110 mA p e r  c a th o d e .  However, 
be c a u s e  o f  t h e  random o c c u r r e n c e  o f  uneven  c u r r e n t  d i v i s i o n  ba tween  
t h e  two c a t h o d e s ,  l a s e r  o u t p u t  v a r i e d  i n  a s i m i l a r l y  random manner,  
( c o r r e l a t e d  w i t h  t h e  v a r i a t i o n s  o f  c u r r e n t  d i v i s i o n ) .
3•4 Yube No.4 D i s c u s s i o n .
The two m ajo r  p rob lem s  a s s o c i a t e d  w i t h  tulio h o . 4 
wore uneven  c u r r e n t  d i v i s i o n  be tw een  t h e  two d i s c r e t e  c a t h o d e s  a t  
t h e  c e n tr a l  anode,  and t h e  e x i s t e n c e  of  l a r g e  a x i a l  t e m p e r a t u r e  
v a r i a t i o n s  w i t h i n  e ach  o f  t h e  c a t h o d e s .  I t  i s  b e l i e v e d  t h a t  t h e  
f i r s t  o f  t h e s e  p rob lem s  c o u ld  be overcome by r e d u c i n g  t h e
i n t e r c a t h o d e  s p a c i n g  such t h a t  t h e  n e g a t i v e  glows  from each o f  t h e  
c a t h o d e s  c o a l e s c e d ,  o r  by c o n s tr u c t in g  t h e  tube  w ith  one c a th o d e  
o n ly .  However , t h e  a x i a l  t e m p e r a t u r e  g r a d ie n ts  a r e  a problem which 
w i l l  a lw ays  e x i s t ,  t o  a g r e a te r  or l e s s e r  d e g r e e ,  when d i s c r e t e  
anodes a r e  u s e d .  The problem nay bo g r e a t l y  a l l e v i a t e d  by
i n c r e a s i n g  t h e  t h i c k n e s s  o f  t h e  c a th o d e  w a l l ,  and one o f  t h e  
o b j e c t i v e s  o f  t h e  r e m a in d e r  o f  t h i s  c h a p t e r  i s  t o  d e r i v e  c r i t e r i a  
f o r  c a th o d e  d e s i g n  from t h e  s o l u t i o n  o f  an e q u a t i o n  d e s c r i b i n g  h ea t  
t r a n s f e r  w i t h i n  a c y l i n d r i c a l  c o n d u c to r .
Large  t e m p e r a t u r e  v a r i a t i o n s  (-VSbO K) cause  l o c a l  
v a r i a t i o n s  i n  h e l ium  d e n s i t y  and cadiiiium vapour  d e n s i t y .  The 
number d e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  i n v e r s e  o f  t h e  t e m p e r a t u r e ,
and t h u s  i f  t h e  c o o l e s t  p a r t  o f  t h e  c a th o d e  i s  a t  500 °C where
t h e  number d e n s i t y  i s  n ( 5 0 0 ) ,  t h e n  a t  t h e  h o t t e s t  p a r t  o f  t h e
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c a t h o d e  (850 ^C),  t h e  number d e n s i t y  i s  g i v e n  by
n(850)  “ 0 . 6 9  n ( 5 0 0 ) .  P a r a m e t r i c  o b s e r v a t i o n s  by o t h e r  w o r k e r s
have  shown t h a t  l a s e r  o u t p u t  power i s  s t r o n g l y  d e p e n d e n t  on he l iu m
g a s  p r e s s u r e  and cadmium vapou r  p r e s s u r e .
High t e m p e r a t u r e s  may a l s o  a f f e c t  l a s e r  p e r f o r u a n e e
by i n c r e a s i n g  t h e  D o pp le r  b ro ad e n e d  l i n c w i d t h  c f  t h e  l a s e r
t r a n s i t i o n s .  T h i s  h a s  been ju d g e d  t o  have  been t h e  c a u se  o f  l a c k
o f  l a s e r  o s c i l l a t i o n  i n  o t h e r  Île-Cd ho l low  c a t h o d e  s y s te m s  ( eg ,
Otaka c t  a l ,  1981) .  However, t h e  a n a l y s i s  p r e s e n t e d  be lew,  which
i s  c a r r i e d  ou t  f o r  t h e  441 .6  nm l a s e r  t r a n s i t i o n  i n  bo th  n a t u r a l
114cadmium and s i n g l e  i s o t o p e  Cd , shows t h a t  t h e  e f f e c t s  o f  h ig h  
t e m p e r a t u r e s  may be l e s s  d e t r i m e n t a l  t h a n  t h e  e f f e c t s  o f  l a r g e  
t e m p e r a t u r e  d i f f e r e n c e s .
3 . 5  PoDDler B roa d e n i n g  o f  t h e  441 .6  nm L in e .
The l a s e r  g a i n  g ( t f )  i n  an a m p l i f y i n g  medium i s
p r o p o r t i o n a l  t o  t h e  l i n e w i d t h  f a c t o r ,  (X (VT) , where  V/  i s  t h e
f r e q u e n c y .  Thus t h e  r a t i o  o f  l i n e w i d t h  f a c t o r s  (XCTJ)/(XCT^) at
t e m p e r a t u r e s  TJ and T ”^  i s  a m e a s u r e  o f  t h e  e f f e c t  o f  
t e m p e r a t u r e  on t h e  l a s e r  g a i n .  The n o r m a l i s e d  D o pp le r  b roadened
l i n e  shape  f o r  an a to m ic  l i n e  i s  g i v e n  by
where  i s  t h e  f r e q u e n c y  a t  l i n e  c e n t r e ,  M  i s  t h e  a to m ic  mass,
T* t h e  t e m p e r a t u r e  and C t h e  speed  o f  l i g h t .  For  a m i x t u r e  o f  
i s o t o p e s ,  CX(Li)  i s  g i v e n  by t h e  sum Q,CX.(UQ where
i s  t h e  f r a c t i o n  o f  i s o t o p e  t  i n  t h e  sample .  For  cadmium o f  
n a t u r a l  i s o t o p i o  abundance ,  t h e r e  a r e  e i g h t  s t a b l e  i s o t o p e s  w i t h  
mass numbers i n  t h e  r an g e  106 -  116. The r e l a t i v e  p r o p o r t i o n s  o f  
t h e s e  a r e  g i v e n  i n  T a b le  3 . 1 ,  t o g e t h e r  w i t h  t h e  o b s e r v e d  i s o t o p i o  
s p l i t t i n g  (Kuhn and Ramsden, 1956) .  Thus,  f o r  n a t u r a l  i s o t o p i c  
oadmiuu;  we h a v e ,  f o r  t h e  441.6nrn Cd I I  l i n e ,
CX(U) = Q ( X  H - Q C X  4 - 0  6X + Q C X106 (06  lO Q  l o a  no  1)0 1)1 III
where  t h e  s u b s c r i p t s  r e f e r  t o  t h e  mass numbers.
The l i n e s h a p e  i l l u s t r a t e d  i n  f i g  3*3 i& o b t a i n e d  by
summation f o r  t h e  i s o t o p e s  p r e s e n t .  The l i n e s h a p e  f o r  s i n g l e  
114i s o t o p e  Cd i s  a l s o  i l l u s t r a t e d  i n  f i g  3*3, where  t h e  r e s u l t s
p r e s e n t e d  a r e  n o r m a l i s e d  f o r  t h e  n a t u r a l  i s o t o p e  ].i ne shape  maximum
a t  mass  number 112. I t  can  be s e e n  from f i g  3 . 3  t h a t  a f a c t o r  of
11 4a p p r o x i m a t e l y  2 .8  enhancement  i n  peak g a i n  may be r e a l i s e d  i f  Cd
i s  u sed  i n s t e a d  o f  n a t u r a l  i s o t o p e  cadmium a t  350 °C.
The e f f e c t s  o f  t e m p e r a t u r e  on t h e  l i n e s h a p e  maxima
114a r e  i l l u s t r a t e d  f o r  n a t u r a l  and s i n g l e  i s o t o p e  Cd i n  f i g s  3 . 4 ( a )  
and 3 . 4 ( b ) ,  r e s p e c t i v e l y .  An i n c r e a s e  i n  t e m p e r a t u r e  f rom 350 °C 
t o  750 "^ C r e d u c e s  t h e  maximum g a i n  by 135 and 215 f o r  n a t u r a l  and 
s i n g l e  i s o t o p e  cadmium, r e s p e c t i v e l y .
I t  may be c o n c lu d e d  t h a t  t h e  e f f e c t  o f  h igh
t e m p e r a t u r e s  t h e m s e lv e s  a r e  l e s s  i m p o r t a n t  t h a n  t h e  e x i s t e n c e  o f  
l a r g o  t e m p e r a t u r e  d i f f e r e n c e s  on t h e  h o l lo w  c a t h o d e s  o f  He-Cd
l a s e r s .
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3.6 JIe.a,t .Xr.anar.er, Analysis for.. IIoI I qh., ,CathQd£i.a.
The h e a t  t r a n s f e r  a n a l y s i s  p r e s e n t e d  below y i e l d s  
d e s i g n  c r i t e r i a  f o r  overcoming two major  p rob lem s  e n c o u n t e r e d  w i t h  
t h e  o p e r a t i o n  o f  t u b e s  Mos. 1 , 2 , 3  and 4, and i s  a p p l i c a b l e  t o  t h e  
d e s i g n  o f  h o l lo w  c a t h o d e s  f o r  l a s e r s  g e n e r a l l y .
The f i r s t  o f  t h e s e  p rob lem s  i s  t h e  p r o t e c t i o n  o f
g l a s s / m e t a l  s e a l s  f rom e x c e s s i v e  t e m p e r a t u r e s .  F i g u r e  3 . 5 ( a )  shows 
a  g l a s s / m e t a l  s e a l  a t t a c h e d  to  a s e c t i o n  o f  ho l lo w  c a th o d e ,  v i a  a 
m e t a l  c y l i n d e r  A3. We assume t h a t  t h e  d i s c h a r g e  i s  c o n f i n e d  w i t h i n  
t h e  c a th o d e  bo re ,  which,  unde r  c o n d i t i o n s  o f  t h e rm a l  e q u i l i b r i u m ,  
i s  a t  t e m p e r a t u r e  t . ^ . Under t h e s e  c o n d i t i o n s ,  d i s c h a r g e
g e n e r a t e d  h e a t  f l o w s  from t h e  c a th o d e  s e c t i o n  to w a rd s  t h e  
g l a s s / m e t a l  s e a l  by c o n d u c t i o n  a lo n g  t h e  m e t a l  c y l i n d e r .  The 
e x t e r n a l  s u r f a c e  o f  t h e  m e t a l  c y l i n d e r  l o s e s  h e a t  by n a t u r a l  
c o n v e c t i o n  and r a d i a t i o n .  The q u e s t i o n  t h e n  a r i s e s  a s  t o  what  
v a l u e  t h e  e q u i l i b r i u m  t e m p e r a t u r e  a t  t h e  g l a s s / m e t a l  s e a l
w i l l  be.  Te m pera tu re  w i l l  be a c o m p l i c a t e d  f u n c t i o n  o f  t h e
r a d i a l  and a x i a l  d i m e n s io n s  and s u r f a c e  e m i s s i v i t y  o f  t h e  m e t a l  
c y l i n d e r .
The second  t h e r m a l  problem i s  t h e  a x i a l  v a r i a t i o n  i n  
t e m p e r a t u r e  which o c c u r s  on a  c y l i n d r i c a l  ho l low  c a th o d e  a s  a  
r e s u l t  o f  n o n - u n i f o rm  power p e r  u n i t  l e n g t h  i n p u t  by t h e  
d i s c h a r g e .  A x ia l  t e m p e r a t u r e  v a r i a t i o n s  r e p r e s e n t  a d e p a r t u r e  f rom
optimum o p e r a t i n g  c o n d i t i o n s ,  and t h u s  s h o u ld  be m in im is ed .
As a  s t a r t i n g  p o i n t  i n  t a c k l i n g  t h e s e  p rob lem s ,  a
o n e - d i m e n s i o n a l  e q u a t i o n  d e s c r i b i n g  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n
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a c y l i n d r i c a l  c o n d u c t o r  i s  d e r i v e d .  S in c e  r a d i a l  ter. p e r  a t u r c  
v a r i a t i o n s  a r e  i n i t i a l l y  n e g l e c t e d ,  t h i s  e q u a t i o n  r e p r e s e n t s  a 
" t h i n - w a l l e d "  a p p r o x i m a t i o n .  R e s u l t s  o b t a i n e d  from i t s  s o l u t i o n  
can be u s e d  d i r e c t l y  t o  d e t e r m i n e  t h e  r e q u i r e d  d i m e n s io n s  o f  t h e  
m e t a l  c y l i n d e r  Pp i n  f i g  3 . 5 ( a )  f o r  t h e r r . a l  p r o t e c t i o n  o f  t h e  
g l a s s / u e t a l  s e a l .  R a d i a l  t e m p e r a t u r e  g r a d i e n t s  a r c  thon  i n c l u d e d  
i n  t h e  s o l u t i o n  ( " t h i c k - w a l l e d "  a p p r o x i m a t i o n ) ,  and r e s u l t s  y i e l d  
d e s i g n  c r i t e r i a  f o r  ho l lo w  c a t h o d e s .
3 . 6 . 1  D e r i v a t i o n  o f  t h e  Thermal  Flew E q u a t io n .
A c y l i n d r i c a l  c o n d u c t o r  o f  l e n g t h  i , w i t h  I h e r r . a l  
c o n d u c t i v i t y  k  , and i n n e r  and o u t e r  r a d i i  r ,  and i s
I l l u s t r a t e d  i n  f i g  3 . 5 ( b ) .  T h i s  " w o r s t - c a s e "  d e r i v a t i o n  assumes
t h a t  a l l  t h e  i n p u t  power i s  a t  X = 0,  which i s  e q u i v a l e n t  t o
assur .i ing t h a t  one end o f  t h e  c y l i n d r i c a l  c o n d u c to r  ( a t  X = 0)  i s  
i n  c o n t a c t  w i t h  a ' h o t  r e s e r v o i r  a t  t e m p e r a t u r e  t ^  . Under
c o n d i t i o n s  o f  t h e r m a l  e q u i l i b r i u m ,  t h e  o t i io r  end o f  t h e  c o n d u c t o r
a t t a i n s  t h e  t e m p e r a t u r e  t ^  , where  t h e  h e a t  t r a n s f e r  p r o c e s s e s  
t a k e n  i n t o  a c c o u n t  a r e  c o n d u c t i o n  i n  t h e  c y l i n d e r ,  and c o n v e c t i o n  
and r a d i a t i o n  l o s s e s  f rom t h e  e x t e r n a l  s u r f a c e s .
C o n v e c t io n  l o s s e s  a r e  assumed t o  f o l l o w  t h e
e m p i r i c a l  law
Qc = ( t  - y  , (3 1)
where A  i s  t h e  s u r f a c e  a r e a ,  i s  t h e  a m b ie n t  temperature.
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and i s  a t empers  t u r c  d e p e n d e n t  f i l m  c o e f f i c i e n t  f o r  l a m i n a r  
f low .  The f i l m  c o e f f i c i e n t  i s  g i v e n  by
, (3.2)
f o r  a h o r i z o n t a l  c y l i n d e r  o f  o u t e r  r a d i u s  (R o g e rs  and Mayhew,
1 9 6 7 ) .
R a d i a t i o n  l o s s e s  f o l l o w  S t e f a n ' s  Law
= ec r ^A ( t  - 1^) (3.3)
where  G i s  t h e  s u r f a c e  e m i s s i v i t y  and S t u f a n s  c o n s t a n t  i s
( 5 ^  = 5 .6 7  X 10"^ W a t t 3 / ( n ^  K^) .
C o n s i d e r a t i o n  o f  an e l e m e n t a l  }en g th  clx a t
X l e a d s  t o  a s econd  o r d e r  non l i n e a r  d i f f e r e n t i a l  e q u a t i o n  i n
t h e  f o l l o w i n g  manner .
The c o n d u c te d  h e a t  e n t e r i n g  e le m e n t  d x  from t h e
h o t  end o f  t h e  c y l i n d e r  i s
o Z d tQ . J  -  I k l T  C ; ( 5 . L )
where  t h e  minus  s i g n  i n d i c a t e s  t h a t  t  d e c r e a s e s  w i t h  i n c r e a s i n g  
X . The r a d i a t i o n  l o s s e s  f rom e le m en t  d x  a r e  g i v e n  by
Q.J = Z i r q  e c r  ( t d x  , (3.5)
The c o n v e c t i o n  l o s s e s  f rom e le m e n t  ç(x a r e
1-32TT ( ( t d x  , (3.6)
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and t h e  c o n d u c te d  h e a t  l e a v i n g  t h e  e le m en t  d x  i n  t h e  d i r e c t i o n  o f  
i n c r e a s i n g  X i s  g i v e n  by
Qi, == -  1%. TC ( Y : ^  -  C (3.7) ^ ' dx dx
Under c o n d i t i o n s  o f  t h e r m a l  e q u i l i b r i u m ,  wo have
Q-, -  -  0-3 -  Q.^ = O (3.8)
from which t h e  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  t h e  t e m p e r a t u r e  
d i s t r i b u t i o n  i s  o b t a i n e d :
kTT (r^ -r :^ )  4 4  = i-3 lr r  ( I t:)^ ^^  ^( td x
+  i v q e o - '  (  b ^ -  t ^ ) .
(3 .0
3 . 6 . 2  S o l u t i o n  o f  Equ a t i o n  ( 3 . 9 ) .
E q u a t i o n  ( 3 . 9 )  may be w r i t t e n  a s
4 ^ 1  = a  ( -I- b ( t  (3.10)
Q X
where we have
2  c  e  cxa  =  — \ ------- -
f e ( q  - 1 7  )
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(3.11)
tile v a r ia b le t o and
we g e t
(3.13)
which g i v e
a ( t ^ - t j ' )  + b ( t  - to )  dt. (3.1A)
dx X = 0  H
I n t e g r a t i o n  o f  ( 3 . 1 4 )  y i e l d s
X = 0
(3.15)
B e f o r e  p r o c e e d i n g  f u r t h e r ,  an e x p r e s s i o n  f o r  ( ; i r )  i
X = 0
r e q u i r e d .  T h i s  can be o b t a i n e d  by i n t e g r a t i n g  ( 3 . 1 4 )  be tw een  l i m i t
-Changed f o l l o w s :
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< d * > t ,x=L
p d p  = +  b ( t  - t ) ^ d t  X
(&)x=o t H (3.16)
The u p p e r  l i r a i t  o f  i n t e g r a t i o n  i n  eq ( 3 . 1 4 )  h a s  been changed  from
/ d i  \ 4-d x  ^ g e n e r a l  p o i n t  X where  t h e  tempe n a t u r e  i s  X , t o
a t  t h e  p o i n t  X = L , where t h e  t e m p e r a t u r e  i s  t _
I n t e g r a t i o n  y i e l d s
( p - )  =
dx x=o
8 b % %(  ( t ,  - t j  - - ( t  - t d  )
dt
where  ^ d X ^ x = L
(3.17)
i s  t a k e n  t o  be z e r o .  T h i s  i s  d i s c u s s e d  s o r e  
f u l l y  i n  Appendix Two. E q u a t i o n  ( 3 . 1 5 ) ,  a l t h o u g h  s e p a r a b l e ,  c a n n o t  
be s o l v e d  a n a l y t i c a l l y ,  and t h e r e f o r e  a n u m e r i c a l  s o l u t i o n  y i e l d i n g  
X a s  a f u n c t i o n  o f  ~t was o b t a i n e d  u s i n g  t h e  rlAG l i b r a r y  
s u b - r o u t i n e s  package  a v a i l a b l e  on t h e  l o c a l  S t .A n d re w s  D i g i t a l  
V AX/ VI «3 com pu t e r .
3 .7  App.r.03s:inia.tion. B
The r e s u l t s  wh ich the  s o l u t i o n  o f  e q u a t i o n  ( 3 . 1 5 )  
y i e l d  a r e  d i r e c t l y  a p p l i c a b l e  t o  t h e  p r o t e c t i o n  o f  c y l i n d r i c a l  
g l a s s / r a e t a l  s e a l s  f rom d i s a s t r o u s  t e m p e r a t u r e  e f f e c t s ,  a  p rob lem  
e n c o u n t e r e d  w i t h  t u b e s  Mos. 1 and 3,  and d i s c u s s e d  i n  C h a p t e r  Tv/o, 
S o l u t i o n s  o f  eq ( 3 . 1 5 )  were o b t a i n e d  f o r  a  wide  v a r i e t y  o f  
d i f f e r e n t  c o m b i n a t i o n s  o f  t h e  p a r a m e t e r s  ^  *
and w a l l  t h i c k n e s s  ( Y], ) .
I t  i s  c o n v e n i e n t  to  d e f i n e  a  l e n g t h  o f  c y l i n d e r  such  
t h a t  t h e  t e m p e r a t u r e  a t  X = L  i s  , V/e c a l l  t h i s  l e n g t h  t h e  
" s l e e v e  l e n g t h "  (AB o f  f i g  3 . 5 ( a ) ) .  The p a r a m e t e r s  c o n t r i b u t i n g  t o  
a g i v e n  s l e e v e  l e n g t h  can  v a r y  ove r  c e r t a i n  r e s t r i c t e d  r a n g e s  and 
f o r  each  p a r a m e t e r ,  b o r ro w in g  from computer  j a r g o n ,  we d e f i n e  a 
d e f a u l t  v a l u e  o f  a g i v e n  p a r a m e t e r  as  a  v a l u e  which l i e s  w i t h i n  i t s  
a l l o w e d  r a n g e .  D e f a u l t  v a l u e s  f o r  each  o f  t h e  p a r a m e t e r s  
t ^  , ( (^ -  ) ,  and C  a r e  g i v e n  i n  T a b le  3 . 2 .  The
r e s u l t s  p r e s e n t e d  below show s l e e v e  l e n g t h  a s  a  f u n c t i o n  o f  a 
chosen  p a r a m e t e r ,  w i t h  t h e  o t h e r  p a r a m e t e r s  s e t  to  t h e i r  chosen  
d e f a u l t  v a l u e s .  The s u r f a c e  e m i s s i v i t y  i s  i n  g e n e r a l  unknown and 
w i l l  depend on t h e  s t a t e  o f  o x i d a t i o n  o f  t h e  m e t a l  s u r f a c e ,  e t c .  
However, i t  i s  p o s s i b l e  t o  t r e a t  a m e t a l  s u r f a c e  so t h a t  t h e  
e m i s s i v i t y  a p p r o a c h e s  1.0 ( f o r  example,  w i th  l a m pb la c k  o r  g r a t e  
p o l i s h )  and t h u s  a  d e f a u l t  v a l u e  o f  0 . 8  i s  assumed.  The d e f a u l t  
v a l u e  f o r  w a l l  t h i c k n e s s  was chosen  a s  0 . 5  mm be c a u s e  c o m m e rc i a l l y  
a v a i l a b l e  c y l i n d r i c a l  g l a s s / m e t a l  s e a l s  a r e  g e n e r a l l y  s u p p l i e d  w i t h  
a m e t a l  s l e e v e  which h a s  t h i s  v a l u e  o f  w a l l  t h i c k n e s s .
I n  a l l  t h e  c a l c u l a t i o n s ,  t h e  t h e r m a l  c o n d u c t i v i t y  o f
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t h e  m e t a l  i s  t a k e n  t o  be 2 0 .0  W a t t s /  C m and t h u s  t h e  r e s u l t s  a r e
a p p r o x i m a t e l y  a p p l i c a b l e  t o  bo th  Kovar (k = 16 .7  W at t s /^ C  lu, and
s t a i n l e s s  s t e e l  ( k  " 16 -  25 Watbs /°C m)
T e m p e r a tu r e  d i s t r i b u t i o n s  f o r  c o n v e c t i o n  l o s s e s ,  
r a d i a t i o n  l o s s e s ,  and combined c o n v e c t i o n  and r a d i a t i o n  l o s s e s ,
u s i n g  t h e  d e f a u l t  v a l u e s  o f  T a b le  3*2,  a r e  i l l u s t r a t e d  i n  f i g  3 . 6 .  
I t  a p p e a r s  t h a t ,  f o r  t h e  g i v e n  c o n d i t i o n s ,  c o n v e c t i o n  l o s s e s  and 
r a d i a t i o n  l o s s e s  a r e  e q u a l  t o  w i t h i n  s e v e r a l  p e r c e n t .  Tk-o
i n t e g r a t e d  h e a t  l o s s  f rom t h e  s l e e v e  may bo e v a l u a t e d  from
Q l o s s
L
o
t  ^) +  b ( t - t  dx  .
S u b s t i t u t i n g
(3.18)
u s i n g  ( 3 . 1 5 )  and c h a n g in g  t h e
l i m i t s  a c c o r d i n g l y  y i e l d s
Q L oss
Q ( * t ^ “  ) “i" b  ( t  “* t o ^  ^ d t
t ' ■ t ® - 5t^  (t -g]+Y[(t - y  ' - (t„ -1:^  "
(3.13)which i s  e v a l u a t e d  n u m e r i c a l l y .
I n t e g r a t i n g  ( 3 . 1 5 )  f i r s t  w i t h  Q « 0 ,  t h e n  w i t h  
b = 0 ,  y i e l d s  9 . 9  W a t t s  f o r  c o n v e c t i o n  a l o n e  and  11.4 W a t t s  f o r
r a d i a t i o n  a l o n e .
F i g u r e s  3 .7  -  3 . 1 2  show t h e  v a r i a t i o n  o f  s l e e v e  
l e n g t h  as  a f u n c t i o n  o f  , G , ( ~ T j  ) ,  and
t  ^  , r e s p e c t i v e l y .  These f i g u r e s  show t h a t  t h e  s l e e v e  l e n g t h  i s
o n ly  weakly d e p e n d e n t  on t ' y ind t ^  , and more s t r o n g l y
d ep e n d en t  on e m i s s i v i t y ,  t .  , and w a l l  t h i c k n e s s .
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3 . G T h i ck W a l l ed  A p p r o x i m a t io n  R e s u l t s .
The r a d i a l  t e m p e r a t u r e  d ro p  i n  a c y l i n d r i c a l  
c o n d u c to r  i s  g i v e n  by
o
A l :  = -5- ^ -  i n i ^ )  , ( 3 . 7 0 ) ^ Z  TT K  Tj
o
where  i s  t h e  h e a t  l o s s  f rom t h e  s u r f a c e  o f  t h e  c y l i n d e r  p e r
u n i t  l e n g t h .  I n c o r p o r a t i n g  eq ( 3 . 2 0 )  w i th  eqs ( 3 . 1 5 )  and ( 3 . 1 6 )  
y i e l d s  t h e  t h i c k - w a l l e d  a p p r o x i m a t i o n  f o r  t h e  t e m p e r a t u r e  
d i s t r i b u t i o n  i n  a c y l i n d r i c a l  c o n d u c t o r  where  r a d i a l  t e m p e r a t u r e  
g r a d i e n t s  a r e  a l l o w e d  f o r .  The p r o c e d u r e  f o r  o b t a i n i n g  a s o l u t i o n  
i s  b a s i c a l l y  t h e  same a s  f o r  t h e  t h i n - w a l l o d  a p p r o x i m a t i o n ,  e x c e p t  
t h a t  t h e  e x t r a  p a r a m e t e r s  t  and , r e p r e s e n t i n g  t h e  boro
t e m p e r a t u r e s  a t  )( = O  and X = L  , r e s p e c t i v e l y ,  a r e  r e q u i r e d .  
The program which computes  t h e  s o l u t i o n  was a l t e r e d  a c c o r d i n g l y  to  
a c c e p t  v a l u e s  o f  t a s  i n p u t  d a t a  and t h e n  t o  c a l c u l a t e  
t ^  u s i n g  eq ( 3 . 2 0 ) .  Then eqs  ( 3 .1 5 )  and ( 3 . 1 6 )  a r c  s o l v e d ,  and 
i s  c a l c u l a t e d .  A no the r  a p p l i c a t i o n  o f  cq ( 3 . 2 0 )  t o  t ^  t h e n  
c a l c u l a t e s  \
The v a l u e  o f  0.y. i n  eq ( 3 , 2 0 )  u s e d  i n  t h e  computer  
program was an  a v e r a g e  v a l u e  o f  i n p u t  power p e r  u n i t  l e n g t h  based  
on an i n p u t  v o l t a g e  o f  350 V and d i s c h a r g e  c u r r e n t  o f  3 . 2  r.ups 
p e r  m e t r e  i n  a tube  w i t h  a 4 n u  b o r e .
The r e s u l t s  a r e  b a sed  on an  i n t e r - a n o d e  s p a c i n g  o f  
8 cm ( a s  e f f e c t i v e l y  u s e d  i n  t u b e  h o . 4 ) ;  t h i s  a g a i n  r e p r e s e n t s  a 
" w o r s t - c a s e "  c a l c u l a t i o n .  For  f l u t e - t y p e  g e o m e t r i e s ,  i n t e r a n o d e  
s p a c i n g s  o f  be tw een  on (G race  and l i cK in to s h ,  197-3) and 7 .6  cm
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( P i p e r  and VJobb, 1973) have been u s e d .  S i n c e  t h e  d i s c h a r g e  c u r r e n t  
and v o l t a g e  i n  a sys te m  w i t h  a f l u t e - t y p e  geometry a r e  assui.iec t o  
be s y m m e t r i c a l  a b o u t  each  anode ,  the  s o l u t i o n  t o  t h e  t h i c k  w a l l e d  
approxim ation  need on ly  be s o u g h t  ove r  a 4 cm l e n g t h  o f  c a t h o d e .  
The v a l u e  o f  f o r  350 V a t  3*2 amps per m e t r e  i s  t h u s
1.123 5 1 / m e t r e  and t h e r e f o r e  a 4 cn l e n g t h  d i s s i p a t e s  45 W a t t s .
The s o l u t i o n  o f  eqs  ( 3 . 1 5 )  and ( 3 . 1 7 )  y i e l d s  a 
s l e e v e  l e n g t h ,  which  g i v e s  u s e f u l  in fo rm a tio n  f o r  t h e  p r o t e c t i o n  o f  
g l a s s / m e t a l  s e a l s  f rom e x c e s s i v e  t e m p e r a t u r e s .  However,  i n  t h e s e  
c a th o d e  c a l c u l a t i o n s ,  a " s l e e v e  l e n g t h " ,  or " c a t h o d e  len gth "  of  
4 cm i s  e f f e c t i v e l y  i n p u t  d a t a ,  r a t h e r  than o u t p u t  d a t a .  Hence, 
i t e r a t i v e  methods w e r e  r e q u i r e d  t o  c a l c u l a t e  t j^ |^  and ,
w i t h  t h e  c o n s t r a i n t  t h a t  t h e  c a th o d e  l e n g t h  was 4 cm. A f u r t h e r  
c o m p l i c a t i o n  a r o s e  s i n c e  t h e  4 cm c a th o d e  l e n g t h  i s  a l s o  
c o n s t r a i n e d  t o  d i s s i p a t e  45 W a t t s .  Examining t h e  h e a t  l o s s  t e r m s  
due to  c o n v e c t i o n  and r a d i a t i o n  r e v e a l s  t h a t  h e a t  l o s s  depends  on 
e m i s s i v i t y  e  , t e m p e r a t u r e  ' t  , and o u te r  r a d iu s  . Thus on ly  
two o f  t h e s e  t h r e e  p a r a m e t e r s  can  be g i v e n  a s  i n p u t  d a t a ;  t h e  o t h e r  
must be c a l c u l a t e d  i t e r a t i v e l y .  Hence, w i t h  t h e  two c o n s t r a i n t s  o f  
a 4 cm c a th o d e  l e n g t h  and a power d i s s i p a t i o n  o f  45 U a t t s ,  t h e  
program t h e n  r e q u i r e s  two n e s t e d  i t e r a t i v e  l o o p s ,  and the* number of
i n p u t  p a r a m e t e r s  i s  r e d u c e d  from f i v e  ( , C ) t o
on ly  t h r e e  ( C  , and S o l u t i o n s  w ere  o b t a i n e d  f o r  v a l u e s
o f  e m i s s i v i t y  0  i n  t h e  r a n g e  0 - 1 . 0  u s i n g  a d e f a u l t  v a l u e  f o r
o u t e r  r a d i u s  o f  15 .9  mn ( 3 / 4 " ) ,  and a l s o  f o r  v a l u e s  o f  e m i s s i v i t y
0 . 2 ,  0 . 4 ,  0 . 6  and 0 .0  where  t h e  o u t e r  r a d i u s  was a l t e r e d  from 3 i.iii
t o  21 mm f o r  each  v a l u e  o f  G . The d e f a u l t  v a l u e  u s e d  f o r  "T, was 
2 mm ( i e ,  a 4 mm b o r e ) .  The program t h e n  s u p p l i e s  v a l u e s  f o r
t , ,  , t ,  , t  and t  a s  o u t p u t  d a t a .  F i g u r e  3 ,1 3  shows bh bC H C
"^bh « S a i n s t  e m i s s i v i t y  f o r  t h e  d e f a u l t  v a l u e  o f  7^ = 15 ,9  am,
and f i g  3 .1 4  shows b h  P l o t t e d  a g a i n s t  , f o r  d i f f e r e n t
v a l u e s  o f  e m i s s i v i t y .
As d i s c u s s e d  i n  S e c t i o n  3.1 above,  a x i a l  t e m p e r a t u r e  
v a r i a t i o n s  which e x i s t  i n  ho l lo w  c a th o d e  d i s c h a r g e s  p roduce  a x i a l  
v a r i a t i o n s  i n  he l ium  and cadmium d e n s i t i e s ,  and r e p r e s e n t  a
d e p a r t u r e  from optimum c o n d i t i o n s  f o r  l a s e r  p r e f o r m a n c e .  Under 
c o n d i t i o n s  o f  s i m u l t a n e o u s  o s c i l l a t i o n ,  t h e  t h r e e  c o l o u r s  e m i t t e d  
by He-Cd l a s e r s  have  been  o b s e r v e d  by some w o r k e r s  t o  show markedly  
d i f f e r e n t  o u t p u t  power d e p e n d e n c i e s  on he l ium  p r e s s u r e  and cadmium 
vapou r  d e n s i t y  ( e g ,  F u j i i  e t  a l ,  1975; C s i l l a g  e t  a l ,  1977;  Hang, 
1 9 8 0 ) .  I t  i s  t h u s  e s p e c i a l l y  i m p o r t a n t  t o  m in im is e  a r . i a l
t e m p e r a t u r e  v a r i a t i o n s  f o r  w h i t e  l i g h t  h o l low  c a t h o d e  l a s e r s .  The 
t h i c k - w a l l e d  a p p r o x i m a t i o n  y i e l d s  r e s u l t s  wiiioh show th e
r e l a t i o n s h i p  be tween  such  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  and t h e  
c a th o d e  o u t e r  r a d i u s .  F i g u r e  3 . 1 5 ( a )  shows t h e  b o r e  t e m p e r a t u r e  
d rop  p l o t t e d  a g a i n s t  ho l low  c a th o d e  o u t e r  r a d i u s ,  f c -
d i f f e r e n t  v a l u e s  o f  o u t e r  e m i s s i v i t y .  As can  be s e e n  from t h e
f ig u r e ' ,  t h e  c u r v e s  f o r  d i f f e r e n t  e m i s s i v i t i e s  a r e  s u p e r im p o s e d ,
e x c e p t  f o r  s m a l l e r  v a l u e s  o f  o u t e r  r a d i u s ,  v ih e ro  a d e g r e e  o f  s p r e a d  
o c c u r s .  T h i s  i s  shov/n more c l e a r l y  i n  f i g  3 . 1 5 ( b ) .  The m ag n i tu d e
o f  a x i a l  tem perature v a r i a t i o n s  depends  on c a th o d e  o u t e r  r a d i u s ,
bu t  i s  i n d e p e n d e n t  o f  e m i s s i v i t y  f o r  most  p r a c t i c a l  p u r p o s e s .
At t h i s  s t a g e  i n  t h e  a n a l y s i s ,  t h e  computer  program 
was m o d i f i e d  t o  a c c e p t  v a l u e s  o f  t  a s  i n p u t  data and t h e
c o n s t r a i n t s  o f  power d i s s i p a t i o n  (45 U a t t s )  and c a th o d e  l e n g t h  
(4 cm) were removed.  F i g u r e  3*16 shows t h e  v a r i a t i o n  o f
*t w i t h  d i s s i p a t e d  power f o r  an e a i s s i v i t y  o f  0 , o  ana an  o u t e r  
rad iu s  o f  15.9 Qi'i. The f u n c t i o n a l  r e l a t i o n s h i p  i s  ap proxim ate ly  
l i n e a r .  Ano ther  p a r a m e t e r  S nay t h u s  be d e f i n e d  a s  t h e  t e m p e r a t u r e  
d i f f e r e n c e  i n  e x p e r i e n c e d  by t h e  c a th o d e  when t h e  h e a l
d i s s i p a t e d  by t h e  c a th o d e  i s  i n c r e a s e d  o r  d e c r e a s e d  by one U a t t .  
Thus S i s  a m easu re  o f  t h e  s e n s i t i v i t y  o f  t h e  cathode t e m p é r a t u r e  
t o  changes  i n  t h e  i n p u t  power. A lev? s e n s i t i v i t y  i s  a d e s i r a b l e  
f e a t u r e  o f  h o l lo w  c a t h o d e s ,  e s p e c i a l l y  t h o s e  o f  t h e  s e l f - h e a t e d  
v a r i e t y .  The v o l t a g e  a c r o s s  a He-Cd h o l l o y  c a t h o d e  d i s c h a r g e  i s  
d e p e n d e n t  on t h e  p a r t i a l  p r e s s u r e  o f  cachciuu vapou r  i n  t h e  
d i s c h a r g e ,  and i n c r e a s e s  u o n o t o n i c a l l y  as  t h e  cadmium p a r t i a l  
p r e s s u r e  i s  i n c r e a s e d ,  from approxim ately  220 V (pure He a t  15 
T o r r )  t o  AGO V w i t h  a h ig h  p a r t i a l  p r e s s u r e  o f  cach.ium ( e g ,  Grace 
and M cIn tosh ,  1978) .  I f  t h e  c a th o d e  t e m p e r a t u r e  i n  a s e l f - h e a t e d  
tu b e  i s  s t r o n g l y  d e p e n d e n t  on t h e  d i s s i p a t e d  c a th o d e  h e a t  ( h ig h  S ) ,  
t h e n  a t  c o n s t a n t  c u r r e n t ,  a s n a i l  i n c r e a s e  i n  v o l t a g e  w i l l  i n c r e a s e  
t h e  c a th o d e  t e m p e r a t u r e  and t h u s  t h e  p a r t i a l  p r e s s u r e  of  c a c n i u n .  
The v o l t a g e  w i l l  c o r r e s p o n d i n g l y  in c r e a s e  be c ause  o f  t h e  i n c r e a s e  
i n  cadraium p a r t i a l  p r e s s u r e ,  p r o d u c i n g  a "runaway^' e f f e c t .
F i g u r e  3 .1 7  shows t h e  c a th o d e  s e n s i t i v i t y  i n  
°C/W at t  a g a i n s t  e m i s s i v i t y  f o r  t h e  d e f a u l t  v a l u e  -  15 .9  t -i ,
f o r  a A Œ2 l e n g t h  o f  c a th o d e  d i s s i p a t i n g  A5 W a t t s .  F i g u r e  3 .1 8  
shows S a s  a f u n c t i o n  o f  f o r  d i f f e r e n t  v a l u e s  o f  e m i s s i v i t y
w i t h  t h e  same c o n s t r a i n t s .
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I n  t h i s  c h a p t e r ,  an a t t e m p t  h a s  been  made t o  
e s t a b l i s h  t h e r m a l  d e s i g n  c r i t e r i a  f o r  h o l l o ' j  c a th o d e  lle-Cd l a s e r s .  
The c r i t e r i a  d e r i v e d  have  been  p r e s e n t e d  i n  g r a p h i c a l  form u s i n g  
t h e  one d i m e n s io n a l  s econd  o r d e r  non l i n e a r  d i f f e r e n t i a l  e q u a t i o n  
d e r i v e d  i n  s e c t i o n  3*6.1
Al though  t h e  i.iodol i s  based  on a "w orst-case"  
a p p r o x i m a t i o n ,  where  a l l  t h e  power d i s s i p a t e d  by t h e  l a s e r  c a th o d e  
i s  i n p u t  n e a r  t h e  anode ( i e  a t  X = 0 i n  f i g  3 . 5 ( a ) ) ,  t h e  r e s u l t s  
may be used  d i r e c t l y  t o  e x p l a i n  t h e  s e v e r e  t e m p e r a t u r e  d i f f e r e n c e s  
recorded  w i t h  t u b e  No.H , and m entioned i n  s e c t i o n  3*H. F i g u r e  3 .1 5  
shows t h a t  u n d e r  t h e  w o r s t  c i r c u m s t a n c e s  ( o f  an a n o d e - c a t h o d o  a r c .  
f o r  Gxai.iple) t h e  t e m p e r a t u r e  d ro p  a l o n g  a H cm l e n g t h  o f  c a th o d e  
w i t h  a 0 . 9  i.im b o re  d i s s i p a t i n g  H5 W att s  w i l l  be 1150 IC i n  t h e  
s t e a d y  s t a t e .
S i n c e  t h e  s o l u t i o n  o f  cq ( 3 . 1 5 )  r e l i e s  h e a v i l y  on 
comput ing  t e c h n i q u e s ,  a sample  program us e d  t o  o b t a i n  r e s u l t s  f o r  
t h e  t h i n - w a l l e d  a p p r o x i m a t i o n  i s  g i v e n  i n  Appendix T h re e .
ATOMIC
MASS
N U M G E R
RELATIVE
N A T U R A L
A B U N D A N C E
ISOTOPE SPLITTING
OF L L L  6 nm LINE
2 2 %I 0 6
0 8
5 - 7
TABLE 3*1 RELATIVE NATURAL ABUNDANCE OF THE ISOTOPES
O F  C d  A M D  IS O T O P IC  i > P L ! T T I N G  OF A L I ' 6  nm 
LINE OF c a n  ( K U H N  AND R A M S D E N ,  1 9 5 6  ) .
P A R A M E T E R DEFAULT VALUE
2 0 0 ° C
2 5 0  ° C
t o 2 0  ° C
1 ' 5 2 5  MM
("1^  - 1 Y  ) 0  • 5  MM
e 0 - 8
TABLE 3 - 2  DEFAULT VALUES U S E D  IN THERMAL  C A L C U L A T I O N S  
( T H I N  -  WALLED A P P R O X I M A T I O N ) .
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FIG 3 .5 fq) GLASS/METAL SEAL ATTACHED TO SECTION OF 
HOLLOW CATHODE VIA METAL CYLINDER A 6 .
HOT RE SER VOIR
X X + d x
FIG. S.SFb) METAL CYLINDER IN THERMAL CONTACT WITH 
HOT r e s e r v o i r  a t  TEMPERATURE .
_o
>>
U J
w
_o
o
-O
- 0
oCNm(O
u
o
0otn
X-p
Uc£
i
g
êuu
H
oC
5 §z  5
<C LU
" " g  
I
a
( /)ui
3
Ü
Ui
g
CÛ
I
s
az<
zo
z
o
u
3
1
A :2
>n
i
Qi
k
Q
S
3
WO -
Zluv*~
v£>
cO
O
UL
V30
O U T E R  R.AD1U5 %  ( MM)
f\G 3 . 7  SLEEVE LENQTH VS OUTEf^ RADIUS 1%
SL E E V E
LENGTH
Tm m )
A.0-
3 5 -
3 0 I'O0 6 0 8O 1O
E M is s iv i r y
FIG 3 ,8  SLEEVE LENGTH VS EMiSSIVITY.
SLEEVE 
LENGTH 
(mm) 5 0  _
AO -
50  -
2 0
1*500 25 M S0*50 O t S
WALL T H I C K N E S S  C M M )
1-00
FIG 3-^ SLEEVE LENGTH VS WALL THICKNESS.
S L E E V E  \  
L E N G T H  
f M M )  ^ 0  .
35 -
3 0 -
2 5 m o 210 2 3 0150 17 0
FIG 3,10 SLEEVE LENGTH V 6  .
SLEEVE" 
LENGTH 
( MM)
33-
~s 5 3 51 515
AM BIENT T E M P E R A T U R E  Ù g  C * C l  
FIG 3 . U  S L E E V E  LEN GTH V 5  A M B I E N T  T E M P E R A T U R E  t *
SLEEVE
LENGTH
CMM)
3 2 -
3 0 -
5 0 0U20 k U O UbOLOO Urc)
FIG 3.11 SLEEVE LENGTH VS HOT RESERVOIR TEMPERATURE «
H O T  
BORE 
TEMPERATURE
7 5 0
6 50 -
5 5 0
4 5 0 -
350 o-z r o
FIG 3.13 tg H  VS ElilSSlVlTy WITH CONSTRAINTS.
OUTER RADIUS = 15-SMM ( DEFAULT VALUE).
BH
1700
0-21500 -
0-61300 -
100
5 0 0 -
200
O U T E R  R A D I U S  (M M )
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CHAPTER POUR
DESIGN, COHSTRUCTIOHAHD SPECTROSCOPY 
0FJ:L@Ea.JiDS,,.5_.ANp_£..,^
4.1  I n t r o d u c t i o n .
I n  t h i s  c h a p t e r ,  t h e  d e s i g n s  and c o n s t r u c t i o n  
t e c h n i q u e s  f o r  a f u r t h e r  two ho l lo w  cathode s t r u c t u r e s  ( c u b e s  Hos.5 
and 6) a r e  d e s c r i b e d .  Both s t r u c t u r e s  have  c y l i n d r i c a l  c a t h o d e s  
and d i s c r e t e  a n o d e s ,  where  t h e  c a th o d e  w a l l  t h i c k n e s s e s  ,and anode 
s l e e v e  l e n g t h s  a r e  d i c t a t e d  by t h e  t h e r m a l  d e s i g n  c r i t e r i a  
e s t a b l i s h e d  in  C h a p t e r  T hree .  Tube Ho,5 h a s  a s h o r t  a c t i v e  l e n g t h  
(15 cm) and a s i n g l e  c e n t r a l l y  s i t u a t e d  s o u r c e  o f  cadmium, w h i l e  
t u b e  Ho.6 i s  o f  l o n g e r  a c t i v e  l e n g t h  (50 cm) and h a s  m u l t i p l e  
s o u r c e s  o f  cadicium. L a s e r  e m i s s i o n  on t h e  g r e e n  l i n e s  o f  Cd I I  was 
o b t a i n e d  from bo th  t u b e s ,  bu t  t h e  o t h e r  v i s i b l e  t r a n s i t i o n s  i n  t h e  
b lu e  and r e d  d id  no t  o s c i l l a t e .
S p e c t r o s c o p ic  s t u d i e s  o f  t h e  d i s c h a r g e s  o b t a i n e d  i n  
bo th  t u b e s  prov ide  some e v id e n c e  t h a t  i m p u r i t i e s  which a p p e a r  soon
1
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a f t e r  d i s c h a r g e  i n i t i a t i o n  a r e  r e s p o n s ib le  f o r  t h e  l a c k  o f  
t h r e e - c o l o u r  l a s e r  o u t p u t .
The p r e s e n c e  o f  i m p u r i t i e s ,  and t h e  random manner  i n  
which m easu red  l i n e  and band i n t e n s i t i e s  v a r i e d ,  made i t  im p o s s ib le  
t o  o b t a i n  r e p r o d u c ib le  p a r a m e t r i c  o b s e r v a t i o n s  a b o u t  v a r i a t i o n s  o f  
Cd I I  l i n e  i n t e n s i t i e s  w i t h  d i s c h a r g e  c u r r en t ,  he l ium  p r e ssu re  and 
t e m p e r a t u r e  o f  t h e  Cd s o u r c e .
4 , 2 D esign  and C o n str u c t io n  o f  Tube Ho.5.
Tube No,5 had a s h o r t  a c t i v e  l e n g t h  (15  cm), a 
s t a i n l e s s  s t e e l  c a th o d e  w i t h  a 4 mm bo re ,  and d i s c r e t e  anodes. The 
c a th o d e  w a l l  was a p p r o x i m a t e l y  31 OD, and t h u s ,  from 
f i g  3 . 1 5 ( a ) ,  t h e  l a r g e s t  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  which may 
o c c u r  unde r  s t e a d y  s t a t e  c o n d i t i o n s  i s  44 °C. T h i s  f i g u r e  a p p l i e s  
t o  a 4 cm l e n g t h  o f  cathode c o n s tr a in e d  t o  d i s s i p a t e  45 N a t t s ,  and 
r e p r e s e n t s  t h e  " w o r s t  c a s e "  s i t u a t i o n  o f  an a n o d o / e a t h o d e  a r c ,  
where  a l l  o f  t h e  power i n p u t  t o  t h e  c a th o d e  o c c u r s  c l o s e  t o  t h e  
anode .  In  p r a c t i c e ,  we e x p e c t  t h i s  f i g u r e  t o  be much s m a l l e r  when 
t h e  d i s c h a r g e  i s  c o v e r i n g  t h e  i n t e r n a l  c a th o d e  b o r e .  The o v e r a l l  
c o n s t r u c t i o n  o f  t h e  t u b e  i s  i l l u s t r a t e d  i n  f i g  4 . 1 ( a ) ,  v?ith d e t a i l s  
o f  t h e  c e n t r a l  and a u x i l l i a r y  anode s t r u c t u r e s  i l l u s t r a t e d  i n  
f i g s  4 . 1 ( b )  and 4 . 1 ( c ) ,  r e s p e c t i v e l y .  The i n n e r  s u r f a c e s  o f  t h e  
K o v a r / s t a i n l e s s  s t e e l  anode s l e e v e s  a r e  masked from t h e  anode r o d s  
t o  p r e v e n t  t h e  d i s c h a r g e  from c o v e r i n g  t h e  i n t e r n a l  s u r f a c e s  o f  t h e  
anode s l e e v e s ,  t h u s  a v o i d i n g  t h e  g e n e r a t i o n  o f  unwanted  h e a t  n e a r
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t h e  g l a s s / i . ' j e t a l  s e a l s .  There  i s  r e c e n t  e v i d e n c e  t o  s u g g e s t  t h a t  
such m e a s u r e s  a r e  n e c e s s a r y  ( M i s e r a c s y k ,  1 9 8 3 ) .  u a s k i n ^  i s  
a c h i e v e d  by c o n s t r u c t i n g  t h e  anode  a s s e m b l i e s  w ith  a r e - e n t r a n t  
h o u s i n g  i n  g l a s s  ( p y r e x ) .  As i l l u s t r a t e d  i n  f i g s  4 . 1 ( b) and 
4 . 1 ( c ) ,  t h i s  r e s u l t s  i n  trapped vo lumes  which t h e n  r e q u ir e  an e x t r a  
pumping o u t l e t .  The pumping o u t l e t s  were  c o n n e c t e d  t o  a g l a s s  g a s  
m a n i f o l d ,  a s  shown i n  p l a t e  4 . 1 .
The anode s l e e v e s  were d e s i g n e d  u s i n g  t h e  r e s u l t s  o f  
t h e  " t h i n - w a l l e d "  a p p r o x i m a t i o n  (Chapter T h r o e ) .  They thus  
f u n c t i o n  a s  " t h e r m a l  r e s i s  t o r s " ,  p r e v e n t i n g  t h e  c o n d u c t i o n  o f  
d i s c h a r g e  h e a t  g e n e r a t e d  a t  t h e  c a th o d e  from o v e r h e a t i n g  t h e  
g l a s s / m e t a l  s e a l s .  Each s l e e v e  i s  a p p r o x i m a t e l y  5 cm l o n g ,  w ith  a 
w a ll  t h i c k n e s s  o f  0 . 5  -  0 . 7  mj.i. Thus, i f  t h e  l a s e r  c a th o d e  
o p e r a t e s  a t  450 ( w o r s t  c a s e ) ,  a t e m p e r a t u r e  below 150°C i s  
e x p e c t e d  a t  t h e  g l a s s / m e t a l  s e a l s ,  i n  accordance w ith  f i g  3 . 1 0  i n  
C h a p t e r  T h ree ,
The g l a s s / m e t a l  s e a l s  a r e  p r o v i d e d  w ith  a 2 . 5  cr. 
l e n g t h  o f  Kovar  s l e e v e ,  t o  which a m ating r i n g  and a 2 . 5  cm le n g th  
o f  s t a i n l e s s  s t e e l  were a r g o n -a rc -w e ld e d .  A fter  w e ld in g ,  the g l a s s  
r e q u i r e d  a n n e a l i n g .  The c a th o d e  body was c o n s t r u c t e d  i n  three-  
s e c t i o n s .  A t t e m p t s  t o  c o n s t r u c t  a o n e - s e c t io n  c a th o d e  u s in g  a l o n g  
r e a c h  d r i l l  and b o r i n g  from e i t h e r  end w ere  u n s u c c e s s f u l .  However 
t h i s  prob lem c o u ld  be overcome by the use  o f  g u n -b a r r e l  d r i l l s ,  
which have  a much lon ger  r e a c h  t h a n  s t a n d a r d  d r i l l s  and a c u t t i n g  
head d e s i g n e d  t o  p r e v e n t  t h e  bored h o l e  s t r a y in g  f rom i t s  o r i g i n a l  
c e n t r e .  The t h r e e  c a th o d e  s e c t i o n s  were  a l s o  argon -n rc-w e ld cd  
t o g e t h e r ,  where  a s m a l l  gap ('Vlmr.i) was l e f t  be tw een  t h e  s e c t i o n  
f a c e s  i n t e r n a l l y  t o  m in im is e  trapped vo lumes .  A s e r i e s  o f  b l in d
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h o l e s  Wé^ s d r i l l e d  i n t o  t h e  c a th o d e  w a l l  f o r  t h e r m o c o u p le  
j u n c t i o n s .
D ur ing  c o n s t r u c t i o n  o f  t h e  t u b e ,  a l l  m e ta l  component  
p a r t s  were d e g r e a s e d  i n  an  a c e t o n e  u l t r a s o n i c  b a th  p r io r  to  
w e l d in g .  Each w eld  was l e a k  t e s t e d  w i t h  a he l iu m  s e n s i t i v e  mass 
s p e c t r o m e t e r  b e f o r e  a s u c c e s s i v e  weld  was a t t e m p t e d .  Although  
t h r e e  o f  t h e  w e ld s  on t h e  tube  were  between d i s s i m i l a r  r a t a l s  
( s t a i n l e s s  s t e e l  and K o v a r ) ,  t h e  r e s u l t i n g  j o i n t s  wore  l e a k  t i g h t .
The c e n t r a l l y  s i t u a t e d ,  cadmium s o u r c e  c o u ld  be 
o p e r a t e d  i n  two ways.  I n i t i a l l y ,  an oven appendage  c o n s i s t i n g  o f  a 
5 cm l e n g t h  o f  s t a i n l e s s  s t e e l  t u b i n g ,  0 , 9  nn  w a l l  t h i c k n e s s ,  was
f i l l e d  w i t h  cadmium and a t t a c h e d  t o  t h e  l a s e r  body ( f i g  4 . 2 ( a ) ) .  A
■Ïl e a k - t i g h t  s e a l  was p r o v i d e d  by a g y r o l o c k  m etal f e r r u l e  s e a l  y
b o l t e d  o n to  a t h r e a d e d  c a t e  which  had been  w e lde d  t o  t h e  l a s e r  
body. A p e r f o r a t e d  d i s c  s e p a r a t e d  t h e  uppe r  oven chamber from t h e  
t u b e  b o r e  t o  p r e v e n t  t h e  d isc h a r g e  a r c i n g  f r o n  t h e  c e n tr a l  anode 
i n t o  t h e  oven.  Uhen o p e r a t e d  i n  t h i s  "oven code", t h e  t u b e  
t e m p e r a t u r e  was m a i n t a i n e d  above  350 ^C, w h i l e  t h e  oven c o n t a i n i n g  
t h e  cadniui j  was m a i n t a i n e d  a t  a lower  t e m p e r a t u r e  i n  th e  r a n g e  
250 -  350 ^C, u s i n g  t h e  e l e c t r o n i c  t e m p e r a t u r e  c o n t r o l l e r  d e s c r i b e d  
i n  Appendix One.
A l t e r n a t i v e l y ,  t h e  oven appendage  c o u ld  be removed 
a l t o g e t h e r  and cadiniuiii in s e r t e d  d i r e c t l y  i n t o  t h e  u p p e r  oven 
chamber  below t h e  p e r f o r a t e d  d i s c ,  ( f i g  4 . 2 ( b ) ) .  A g y r o l o c k  nu t  
f i t t e d  w i t h  an cnd-cap  f e r r u l e  t h e n  provided  a l e a k  t i g l i t  s e a l  when 
t i g h t e n e d  o n t o  t h e  t h r e a d e d  mate  we lded  t o  t h e  l a s e r  body. In  t h i s  
" c a t h o d e  mode", t h e  cadmium vapou r  p r e s s u r e  i n  t h e  tube  i s  d i c t a t e d  
by t h e  c a th o d e  t e m p e r a t u r e .
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P r e l i m i n a r y  o p e r a t i o n  i n  he l iu m  showed t h a t  the
d i s c h a r g e  d i d  n o t  p r o v i d e  s u f f i c i e n t  h e a t  t o  m a i n t a i n  t h e  tube
t e m p e r a t u r e  above  t h e  d e s i r e d  350 ^C, uhen  u s e d  i n  the  "oven 
mode".  Thus an e l e c t r i c a l l y  i n s u l a t e d  w i r e  e l e m e n t  h e a t e r ,
n e c e s s a r y  for  o p e r a t i o n  i n  t h e  " c a t h o d e  uode"  anyway,  was wrapped
a ro u n d  t h e  c a th o d e  body. A t h in  l a y e r  o f  t h e r m a l  i n s u l a t i o n  was 
t h e n  wrapped  o v e r  t h e  h e a te r  e l e m e n t  ( " F i b r a s i l product no.T-TA, 
Chemical  I n s u l a t i n g  Co. L t d . ) .
4 .3 Clamialion of_Tu_be i l o .a..
Tube p r o c e s s i n g  p r i o r  t o  o p e r a t i o n  c o n s i s t e d  o f  
b a k in g  the  c a t h o d e ,  u s i n g  t h e  c a th o d e  h e a t e r ,  at  a t e m p e r a t u r e  o f  
220 °C w h i l e  u n d e r  vacuum. Background p r e s s u r e  d u r i n g  bak c o u t
g e n e r a l l y  s e t t l e d  a t  a v a lu e  i n  t h e  r a n g e  1 -  5 x 10*”"'^  T o r r .  A f t e r  
b a k e o u t ,  t h e  t u b e  was f i l l e d -  w i t h  15 Tor r  He and  a d isch a rg e  of  
200 mA p e r  anode e s t a b l i s h e d .  The tube  t e m p e r a t u r e  was a l l o w e d  t c  
r e a c h  '350 °C, t h e n  t h e  d i s c h a r g e  was s w i t c h e d  o f f  a g a i n  and t h e  
tube  pumped o u t .  Care  had  t o  be t a k e n  a t  t h i s  s t a g e  t o  e n s u r e  t h a t  
t h e  g a s  flov/ d u r i n g  pump-down was s low enough t o  a v o id  cadmium 
c o n d e n s a t i o n  on t h e  B r e w s t e r  windows.  T h i s  p r o c e s s  was r e p e a t e d  
t h r e e  t im e s .
A f t e r  t h i s  i n i t i a l  p r o c e s s i n g  t h e  c a t h o d e  h e a t e r  was 
u s u a l l y  k e p t  on c o n t i n u o u s l y ,  t o  m a i n t a i n  t h e  c a th o d e  t e m p e r a t u r e  
a t  a minimum o f  220 °C t h r o u g h o u t  t h e  l i f e t i m e  o f  t h e  tube.  
A t t e m p ts  were t h e n  made t o  o b t a i n  t h r e e - c o l o u r  l a s e r  o u t p u t .
" 9:
D e s p i t e  t h e  wide  r a n g e s  c f  heliuj. i  p r e s s u r e s  (5 -  40 T o r r ) ,  cadmiui: 
s o u r c e  t e m p e r a t u r e s  (250 -  350 ^C) and d i s c h a r g e  c u r r e n ts  (50 -  200 
liA p e r  anode)  i n v e s t i g a t e d ,  t h e s e  a ttem p ts  w ere  u n s u c c e s s f u l .
The o p t i c a l  c a v i t y  used  was t h e  same as  th a t  
d e s c r i b e d  e a r l i e r .  The r e f l e c t i o n  c h a r a c t e r i s t i c s  o f  the  broad band 
m i r r o r s  a r e  i l l u s t r a t e d  i n  f i g  4 . 3 ,  where  i t  can be soon  t h a t  t h e  
r e f l e c t i v i t y  f a l l s  r a p i d l y  i n  t h e  r e g i o n  400 -  450 rm;. However, to  
e n s u r e  th a t  t h e  r e f l e c t i v i t y  a t  441 .6  nm (Cd I I  b l u e )  was adequate ,  
t h e  m i r r o r s  were  used on an e x i s t i n g  p o s i t i v e  colu:,:n d e v i c e  (7 0  cm 
a c t i v e  l e n g t h )  and p r o d u c e d  l a s e r  o s c i l l a t i o n  e a s i l y .  S i n c e  t h e  
m i r r o r s  a l s o  g i v e  a d e q u a t e  coverage  o f  t h e  r ed  t r a n s i t i o n s  o f  Cd I I  
a t  635 .5  and 6 3 6 . 0  ni,i, m a i n t a i n i n g  1005 nom ina l  r e f l e c t i v i t y  up t o  
650  nm, i t  may be c o n c lu d e d  t h a t  the  o p t i c a l  c a v i t y  was adequate  
f o r  t h r e e  co lou r  o p e r a t io n .
A xia l  t e m p e r a t u r e  g r a d ie n ts  w i t h i n  the c a th o d e  i.cdy 
were  m in im a l ,  t h e  maximum t e m p e r a t u r e  d i f f e r e n c e  r e c o r d e d  b e i n ^  
A T 'Vo °C a t  t h e  h i g h e s t  cu rren t  v a l u e s  i n v e s t i g a t e d  (200 mA p e r  
a n o d e ) .  Running t h e  d i s c h a r g e  a t  a h i g h e r  c u r r e n t  t h a n  t h i s  
p roduced  d i s c h a r g e  i n s t a b i l i t i e s  which m a n i f e s t e d  t h e m s e lv e s  a s  
d i s c h a r g e  f l a r i n g  when view ed a l o n g  t h e  c a th o d e  b o re .
S i n c e  t h e  g e n e r a l  d i s c h a r g e  c o n d i t i o n s  o f  helium  
p r e s s u r e ,  d i s c h a r g e  c u r r e n t s  and cadmium s o u r c e  t e m p e r a t u r e s  were  
f a v o u r a b l e  f o r  t h r e e  c o l o u r  o u t p u t ,  and s i n c e  t h e  l a s e r  o p t i c s  were  
a l s o  a d e q u a t e ,  a s p e c t r o s c o p i c  i n v e s t i g a t i o n  o f  t h e  d i s c h a r g e  was 
u n d e r t a k e n  t o  i d e n t i f y  any i m p u r i t i e s  which may be r e s p o n s ib le  f o r  
q u e n c h in g  l a s e r  o s c i l l a t i o n  on t h e  b l u e  and r e d  t r a n s i t i o n s .  Laser  
o s c i l l a t i o n  on t h e  g r e e n  Cd I I  t r a n s i t i o n s  was o b t a i n e d ,  bu t  t h e  
o u t p u t  i/as g e n e r a l l y  t o o  u n s t a b l e  t o  make param etr ic  o b s e r v a t i o n s
o u t p u t  was g e n e r a l l y  t o o  u n s t a b l e  t o  make p a r a m e t r i c  o b s e r v a t i o n s  
o f  i t s  b e h a v io u r  i n  r e s p e c t  o f  d i s c h a r g e  c o n d i t i o n s  such  a s  He 
p r e s s u r e ,  d i s c h a r g e  c u r r e n t  and cadmium s o u rc e  t e m p e r a t u r e .
4 . 4  jQpi,l.GaI,.Hejag.ui-^ing.
The o p t i c a l  m e a s u r in g  sy s te m  used  t o  i n v e s t i g a t e  t h e  
d i s c h a r g e  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  f i g  4 . 4 .  L i g h t  f rom t h e
d i s c h a r g e  i s  a p e r t u r e d  and f o c u s e d  on to  t h e  monochromator  s l i t .  
The monochromator  i s  by C a r l  Z e i s s ,  model SPIi2, w i t h  a  r e c o r d e r  
d r i v e ,  and f i t t e d  w i t h  a p r i sm  t o  e l i m i n a t e  s econd  o r d e r  e f f e c t s .  
The w a v e len g th  ran g e  o f  t h e  p r i sm  i s  360 nm to  t h e  i n f r a  r e d .  A
p h o t o m u l t i p l i e r  tube  (PMT i n  f i g  4 . 4 ,  model 95580B EMI) d r i v e n  by a
F luke  power supp ly  4 1 5B m o n i t o r s  t h e  d i s p e r s e d  l i g h t .
S i g n a l  p r o c e s s i n g ,  which e l i m i n a t e s  t h e  e f f e c t  o f  
s t r a y  l i g h t ,  i s  a c h i e v e d  by c hopp ing  t h e  i n p u t  s i g n a l  f rom t h e  
d i s c h a r g e  a t  a f r e q u e n c y  o f  a p p r o x i m a t e ly  1 .4 kHz and d e t e c t i n g  t h e  
m odu la ted  s i g n a l  u s i n g  a P r i n c e t o n  A p p l i e d  R e s e a rc h  L o c k - I n  
a m p l i f i e r  (model  JB 5) .  A r e f e r e n c e  s i g n a l  m odu la ted  a t  t h e  same
f r e q u e n c y  i s  p r o v i d e d  by a p h o to d io d e  p o s i t i o n e d  a s  i l l u s t r a t e d  i n
f i g  4 . 4 .  An o s c i l l o s c o p e  ( T e k t r o n i x  545B) m o n i t o re d  t h e  pha se
r e l a t i o n s h i p  be tween  t h e  r e f e r e n c e  and s i g n a l  i n p u t s .
The sy s te m  i s  a d e q u a t e  f o r  m o n i t o r i n g  s p e c t r a  i n  t h e
r a n g e  360  -  650  nm, and h a s  a r e s o l u t i o n  b e t t e r  t h a n  0 .1  nm i n  t h e
b l u e  r e g i o n  o f  t h e  s p e c t ru m .
\Q4
4.5 j2iaiasicm..Siiaaiii(
The s c a n n i n g  s p e ed  a t  wh ich t h e  sp e c t r u m
( 3 6 0  " 6 5 0  11.1) can be c o v e re d  i s  l L . , i t e d  by t h e  r e s p o n s e  o f  t h e  
c h a r t  record er . U i t h  minimal r e c o r d e r  damping and no RC s i g n a l
f i l t e r i n g ,  i t  was found t h a t  t h e  uinimuru t i n e  to  r e c o r d  t h e
s p e c t ru m  was 90 m i n u t e s .  At scann ing  s p e e d s  abovu t h i s ,  f i n e
s t r u c t u r e  d e t a i l  c o u l d  be e a s i l y  " o v e r l o o k e d "  by t h e  r e co r d e r .
A t te m p ts  w ere  made t o  m ea su re  t h e  s p o n ta n e o u s  e m i s s i o n  l i n e
i n t e n s i t i e s  a s  a f u n c t i o n  o f  c u r r e n t ,  p r e s s u r e  and cadmium sou rce  
t e m p e r a t u r e .  However i t  was found t h a t  r e s u l t s  s u f f e r e d  from a 
l a c k  o f  r e p r o d u c i b i l i t y , p a r t i c u l a r l y  where  t h e  w a i t in g  t im e
between m easu rem en ts  was more t h a n  a few m in u t e s ,  a s  fo r  example
when t h e  c a th o d e  tem perature was b e in g  a l t e r e d .  B ecause  o f  the  
n a t u r e  o f  t h e  d i s c h a r g e s  ob ta in ed  w i t h  t u b e  Ho.5 , t h e  r e s u l t s  
o b t a i n e d  a r e  l a r g e l y  o f  a q u a l i t a t i v e  n a t u r e .
Scans  o f  t h e  spectrum were  recorded  a f t e r  t h e
d i s c h a r g e  tube  had r e a c h e d  thermial  e q u i l i b r i u m .  S p e c t r a l  l i n e s  
were  i d e n t i f i e d  e i t h e r  u s i n g  t h e  Hartmann d i s p e r s i o n  fo rm u la
(R.Sawyer, 1963) or by c u b i c  i n t e r p o l a t i o n  be tw een  known l i n e s .
I n i t i a l  w a v e le n g th  c a l i b r a t i o n  was a c h i e v e d  w i t h  a mercury lamp.
However, once t h e  major h e l iu m  and cadmium s p e c t r a l  l i n e s  had beer: 
i d e n t i f i e d ,  t h e  mercury lamp was no l o n g e r  n e c e s a r y .  The Hartmann 
d i s p e r s i o n  f o rm u la  i s  an a p p r o x i m a t i o n  f o r  w a v e l e n g t h  c a l c u l a t i o n  
where t h e  d i s p e r s i n g  e lem ent i n  a p r i sm  ;
c
”  d
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The d e te r m in a t io n  o f  t h e  c o n s t a n t s  and C
n e c e s s i t a t e s  t h e  use  o f  t h r e e  known l i n e s ,  "X j , ^ 3
whose d i s t a n c e s  on t h e  c h a r t  paper f r o u  an a r b i t r a r y  p o i n t  a r e  d ^ , 
dg and d r e s p e c t i v e l y .
S p e c tra  were  o b t a i n e d  f o r  a wide v a r i e t y  c f  
d isch a rg e  c o n d i t i o n s .  At low c a th o d e  tem peratu res , below 120 '‘'C, 
on ly  a to m ic  l i n e s  a t t r i b u t a b l e  t o  He were d e t e c t e d .  At c a th o d e  
t e m p e r a t u r e s  above 220  °C, weak ( 6 55 .3  nm) and II^ ( 4 6 5 .3  rjr.) 
l i n e s  were d e t e c t e d ,  t o g e t h e r  w i t h  weak l i n e s  a t t r i b u t a b l e  to  Cd I  
and Cd I I .  For h ig h er  c a th o d e  tempera  t u r c s ,  where the  cadmium 
vapou r  d e n s i t y  i s  s u f f i c i e n t l y  h ig h  f o r  l a s e r  o s c i l l a t i o n ,  
m o l e c u l a r  bands and s t r o n g e r  Cd I  and Cd I I  l i n e s  were observed ,  
supe r im pose d  on weak background r a d i a t i o n  e x t e n d i n g  f r o .  
300 -  500 nm. The s o u r c e  o f  t h i s  background  r a d i a t i o n  h a s  n o t  been 
p o s i t i v e l y  i d e n t i f i e d ,  bu t  i s  p r o b a b l y  due t o  m olecu lar  sp e c tr a  
such  as hydrogen  and t h e  broad band cont inuum o f  t h e  Cd m o le c u le .  
( P e a r s e  and Gaydon, 1950 ) .  The m olecu lar  bands which  a p p e a r e d  w e re  
much more i n t e n s e  t h a n  t h e  background r a d ia t io n ,  and were  d e g ra d e d  
tow a rds  t h e  v i o l e t .  The bands g e n e r a l l y  i n c r e a s e d  i n  i n t e n s i t y  
w i t h  i n c r e a s i n g  c a t h o d e  t e m p e r a t u r e  and/or  i n c r e a s i n g  d i s c h a r g e  
c u r r e n t .  O p e r a t i n g  t h e  d i s c h a r g e  a t  d i f f e r e n t  p r e s s u r e s  had l i t t l e  
o r  no e f f e c t  on t h e  b e h a v i o u r  o f  t h e  bands .  Compari son  w-ich known 
m o l e c u l a r  s p e c t r a  i d e n t i f i e d  t h e  ■ bands a s  t r a n s i t i o n s  i n  t h e  
cadmium h y d r i d e  (Cd H) m o le c u le .  Bandheads were  observed  a t  s i x  
w a v e l e n g t h s  a s  f o l l o w s :
S 5 0 - ^  ond L L ^ - I  (^TT. -  ),'/z. '
S T ^ - l o n d  A.7 7 - 7  ,
1 3 1 - 3  and i Z 3 - 8  H  ) .
( n a n o m e t e r s )
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F i g u r e  4 . 5 ( a )  shows a t y p i c a l  example o f  t h e  m o l e c u l a r  s p e c t r a  a s  
th e y  a p p e a r e d  on t h e  c h a r t  r e c o r d e r  o u t p u t .  F i g u r e  4 . 5 ( b )  shows 
t h e  e ne rgy  l e v e l s  and baiidhead o r i g i n s  o f  t h e  Cd H m o le c u le .
4 .6 D i s c u s s i o n  o f  R e s u l t s  From Tuba Ho.5.
Tube î lo.5 showed good t h e r m a l  s t a b i l i t y  t h r o u g h o u t  
t h e  d u r a t i o n  o f  i t s  o p e r a t i o n .  The maximum a x i a l  t e m p e r a t u r e  
d i f f e r e n c e  r e c o r d e d ,  between  t h e  c o o l e s t  and h o t t e s t  p a r t s  o f  t h e  
c a t h o d e ,  was 8 ^C. T h i s  o c c u r r e d  a t  t h e  h i g h e s t  d isc h a r g e  c u r r e n t  
a t  which t h e  tube  was o p e r a t e d  (600 mA t o t a l  t u b e  c u r r e n t ) .  The 
t h in -w a l le d  m e t a l  c y l i n d e r s ,  wh ich c o n n e c t e d  t h e  g l a s s / m e t a l  s e a l s  
t o  t h e  c a th o d e  body, f u l f i l l e d  t h e i r  r o l e  a s  t he rm a l  r e s i s t o r s ,  and 
t h e  p rob lem s  e n c o u n t e r e d  i n  t u b e s  Dos. 1 and 3 w i t h  t h e r m a l  
f a i l u r e  o f  t h e  g l a s s / m e t a l  s e a l s  d i d  no t  o c c u r .
The f l e x i b i l i t y  o f  d e s i g n  p e r m i t t e d  two d i f f e r e n t  
modes o f  o p e r a t i o n  f o r  t u b e  l io .5 .  F i r s t l y ,  an oven appendage ,  
a t t a c h e d  t o  t h e  c a th o d e  and s i t u a t e d  d i a m e t r ic a l l y  o p p o s i t e  t h e  
c e n t r a l  anode ,  c o u ld  be h e a t e d  i n d e p e n d e n t l y  o f  t h e  c a th o d e .  When 
o p e r a t e d  i n  t h i s  way ( oven  mode),  t h e . c a t h o d e  t e m p e r a t u r e  was 
m a i n t a i n e d  above  t h a t  o f  t h e  oven  appendage  fay d isc h a r g e  h e a t i n g  
and an a u x i l i a r y  c a th o d e  h e a t e r .  The cadmium v a pou r  d e n s i t y  t h u s  
depended  on t h e  t e m p e r a t u r e  o f  t h e  oven appe ndage ,  and t h e
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d i s c h a r g e  c u r r e n t  c o u ld  be a l t e r e d  i n d e p e n d e n t l y  o f  cadmium vapour  
p r e s s u r e .  A l t e r n a t i v e l y ,  t h e  oven appendage  cou ld  be removed and 
t h e n  cadmium i n s e r t e d  d i r e c t l y  i n t o  t h e  upper  oven chamber,  c l o s e  
t o  t h e  c a th o d e  b o r e .  I n  t h i s  c a th o d e  mode o f  o p e r a t i o n ,  t h e  
d i s c h a r g e  p r o v i d e s  most  o f  t h e  h e a t  n e c e s s a r y  t o  r a i s e  t h e  c a th o d e  
t e m p e r a t u r e  to  t h e  d e s i r e d  v a l u e ,  i n  t h e  r a n g e  250 -  350 *^ C. The 
e x t r a  h e a t  r e q u i r e d  i s  s u p p l i e d  by t h e  c a th o d e  h e a t e r ,  which 
m a i n t a i n s  t h e  t e m p e r a t u r e  a t  t h e  d e s i r e d  v a l u e  by means o f  t h e  
e l e c t r o n i c  t e m p e r a t u r e  c o n t r o l l e r  d e s c r i b e d  i n  Appendix One. 
The d i s c h a r g e  c u r r e n t  c o u ld  a g a i n  be a l t e r e d  w i t h o u t  a f f e c t i n g  t h e  
cadmium vapour  d e n s i t y  t h e r m a l l y .
E m is s io n  s p e c t r o s c o p y  o f  t h e  d i s c h a r g e s  o b t a i n e d  i n  
t u b e  No,5 i d e n t i f i e d  hyd ro g en  as  a major  i m p u r i t y .  Although t h e  
H and H ^  l i n e s  d e t e c t e d  were  t h e m s e lv e s  weak,  s e v e r a l  s t r o n g  
v i o l e t - d e g r a d e d  m o l e c u l a r  bands  a t t r i b u t a b l e  t o  t r a n s i t i o n s  i n  t h e  
Cd H m o le c u le  were o b s e rv e d .
The tube  was c o n t i n u o u s l y  baked a t  above 100 °C and 
t h u s  i t  i s  u n l i k e l y  t h a t  t h e  hydrogen  p r e s e n t  was due to  r e s i d u a l  
w a t e r  v a p o u r .  T h i s  i s  f u r t h e r  borne o u t  by t h e  l a c k  o f  e m i s s i o n  
bands  due t o  i n  p a r t i c u l a r  t h e  s t r o n g e s t  v i o l e t  de g ra de d  band
a t  6 0 2 . 6  lira, and o t h e r  s t r o n g  bands  i n  t h e  s p e c t r u m  c o v e re d  
a t t r i b u t a b l e  t o  t h e  F i r s t  and Second N e g a t i v e  s y s te m s  o f  t h e  0^ 
m o le c u le .  The a b s e n c e  o f  t h e s e  bands  a l s o  i n d i c a t e s  t h a t  t h e  
vacuum sy s te m  and d i s c h a r g e  tube  were r e l a t i v e l y  f r e e  f rom a i r  
1 e a k s .
The l i k e l i e s t  s o u r c e  o f  t h e  hyd rogen  d e t e c t e d  i n  t h e  
d i s c h a r g e  i s  t h e  s t a i n l e s s  s t e e l  c a th o d e .  Hydrogen becomes 
e n t r a p p e d  w i t h i n  m e t a l s  d u r i n g  t h e i r  f o r m a t i o n  p r o c e s s e s ,  and t h e
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s u b s e q u e n t  r a t e  o f  d i f f u s i o n  o f  t h e  e n t r a p p e d  h y d r o g e n  i n c r e a s e s  
r a p i d l y  w i t h  t e m p e r a t u r e  (Kohl ,  1967) .  T h i s  i s  s u p p o r t e d  by t h e  
o b s e r v e d  o c c u r e n c e  o f  t h e  and 11^  l i n o s  on ly  at e l e v a t e d
t e m p e r a t u r e s .
Hydrogen r.:ay a l s o  p e rm e a te  t h ro u g h  t h e  Kovar , u sed  
i n  t h e  g l a s s / m e t a l  s e a l s ,  a t  a r a t e  which i s  s t r o n g ly  t e m p e r a t u r e  
d e p e n d e n t .  However,  t h e  c o n c e n t r a t i o n  o f  H i n  dry a i r  i s  l e s s  
t h a n  1 ppm, and i t  i s  u n l i k e l y  t h a t  t h i s  c o u ld  be a s o u r c e .  The 
Kovar  components  u s e d  i n  t h e  e l e c t r o n  tu b e  in d u s tr y  a r e  g e n e r a l l y  
n i c k e l  p l a t e d  t o  r e d u c e  hydrogen e v o l u t i o n  and o x id a t io n .  These 
p r e c a u t i o n s  w ere  no t  t a k e n  i n  t h e  c o n s t r u c t i o n  o f  tube  No.5 .
O t h e r  g a s e s  which  a r c  commonly e n t r a p p e d  i n  
s t a i n l e s s  s t e e l s  a r c  and CO. N e i t h e r  o f  t h e s e  i m p u r i t i e s  was 
p o s i t i v e l y  i d e n t i f i e d  i n  t h e  d isch a rg e  s p e c t r a  o f  tube  n o . 5 , 
a l t h o u g h  some weak b a n d -l ik c  s t r u c t u r e s  were  o b s e r v e d  i n  t h e  r e g i o n  
420 -  4 3 0  niù. The c o m e t - t a i l  sys tem  o f  00^ end the  m o l e c u l a r  
spe c t rum  o f  11^' both have  t h e i r  s t r o n g e s t  e m i s s i o n  bands i n  t h i s  
r e g i o n .
S in c e  t h e  sys tem  was s e a l e d - o f f  r a t h e r  t h a n  
c o n t i n u o u s l y  purged by f lo w in g  g a s ,  i m p u r i t i e s  were not  b e in g  
removed from t h e  d i s c h a r g e  a s  t hey  a p p e a r e d .  I n s t e a d ,  t h e  
c o n c e n t r a t i o n  o f  hyd rogen  and other, lower l e v e l  i m p u r i t i e s  would 
c o n t i n u e  to  i n c r e a s e  fo r  a s  l o n g  as  t h e  d i s c h a r g e  was running.
The p r e s e n c e  o f  hydrogen may a f f e c t  t h e  d i s c h a r g e  i n  
a number o f  ways.  M o l e c u l a r  cadmium hydride may be formed a s  the  
r e s u l t  o f  a c o l l i s i o n  be tween  an e x c i t e d  oadicium atom and a 
hydrogen  m olecu 1 e ,
C d ( 5 p ^ P  )"^H_ Cd H (ground) H  ^ (Ù..J)I 2.,1,0 2  o J
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I n  t h i s  c o l l i s i o n ,  t h e  t o t a l  ene rgy  a v a i l a b l e  i s  t h e  sura o f  t h e  
e x c i t a t i o n  e n e rg y  o f  t h e  eadraiuni atom ( 3 . 7 8  eV) and t h e  
d i s s o c i a t i o n  e n e rg y  o f  t h e  Cd H m o le c u le  ( 0 . 6 7  eV) ,  w hich amounts  
t o  4 .4 5  eV. This  l i e s  v e r y  c l o s e  to  t h e  d i s s o c i a t i o n  energy  o f  t h e  
Hg m o le c u le  (4 .46  eV),  and t h e r e f o r e  makes i t  an  e n e r g e t i c a l l y  
f a v o u r a b l e  p r o c e s s  (Bende r ,  1 9 30 ) .
Once Cd H i s  formed,  c h a rg e  exchange  pumping by He 
i o n s  i n  c o l l i s i o n s  w i t h  Cd H m o l e c u l e s  c a n n o t  p o p u l a t e  t h e  u p p e r
.j. 2l e v e l s  o f  t h e  Cd i o n  ( 6g 9 / 2  which t h e  r e d  t r a n s i t i o n s
o r i g i n a t e :
He + Cd H Cd (6g^ <Ii7/j,,q/2,)"^  H e H  , (4 2)
The t o t a l  ene rgy  a v a i l a b l e  f o r  e x c i t a t i o n  o f  Cd I I  i n  t h i s  c a s e  i s
t h e  he l ium  i o n i s a t i o n  en e rg y  minus t h e  d i s s o c i a t i o n  e ne rgy  o f  t h e
Cd H m o le c u le  ( 0 .6 7  eV) ,  which amounts t o  24.11 eV. S i n c e ,
2however ,  t h e  Cd I I  ( 6g 9 / 2  ^ l e v e l s  l i e  a p p r o x i m a t e l y  0 . 2  eV
below t h e  h e l ium  i o n i s a t i o n  ene rgy  ( T u r n e r - S m i t h  e t  a l ,  1 9 7 2 ) ,  t h e
e x t r a  O .67  eV r e q u i r e d  t o  d i s s o c i a t e  t h e  Cd H m o le c u le  r e n d e r s  t h i s 1
r e a c t i o n  e n e r g e t i c a l l y  u n f a v o u r a b l e ,  ]
I
To o b t a i n  an o r d e r  o f  m agn i tu de  e s t i m a t e  o f  t h e  j
number d e n s i t y  o f  Cd H m o l e c u l e s  p r e s e n t  i n  t h e  d i s c h a r g e ,  we \
r e q u i r e  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  r e a c t i o n  ( 4 . 1 )  above .  T h i s  i s  
g i v e n  by
7^
100
and t h u s  we have
[Cd Hi -  k  L H J
Of t h e  t e r n s  on t h e  RIiS o f  eq ( 4 . 4 ) ,  we can  o b t a i n  an  o r d e r  o f
m a g n i tu d e  e s t i m a t e  f o r  CCd ]  . The r e l a t i v e  numbar
,  1 ,  U
d e n s i t i e s  o f  Cd ( 5p - ^) ma;; bo c a l c u l a t e d  u s i n g  t h e  Saha, I , u
e q u a t i o n ,
.  S i b C  u , 5 l
' ^ C cK ' 5  ) 9  e
where  g  ( ^ Pg, ) and g (  S ) a r e  t h e  d e g e n e r a c i e s  o f  t h e  "T and t h e
g round  s t a t e s ,  E ( ^ P q) i s  t h e  e x c i t a t i o n  e n e rg y  o f  t h e  '"'P s t a t e
( 3 . 8  eV), and i s  t h e  e l e c t r o n  t e m p e r a t u r e .  Although  t h e
e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  i s  s t r o n g l y  n o n - u a : a r e l l i a n ,  i t  i s
known t h a t  t h e  m a j o r i t y  o f  e l e c t r o n s  i n  a ho l low  c a th o d e  d i s c h a r g e
c o n s t i t u t e  a "p la sm a"  component ,  f o r  which  t h e  most  p r o b a b l e
e l e c t r b n  ene rgy  i s  ^ 5  eV. T h i s  i s  a p p r o x i m a t e l y  e q u i v a l e n t  t o  
4• e  ^ 5  X 10 K. A p p ly ing  t h e  Saha e q u a t i o n  t o  t h e  o t h e r  two
t r i p l e t  s t a t e s  (^P^ and ^P^)  y i e l d s
e x p ( - — l l ) ,  ( m 6 )
ncdC S) 5 ) k T g
and
4
101 -
Ue t h e n  o b t a i n
^Cd(^p, ) Bedes') ’
^ c d ( " p  ) ^ C d ( ' S )  ’
from which we f i n a l l y  g e t
" c d d p  „ >  =  ^ • " ' ' c d C S ) -
Al though  UQ can  p r o c e e d  no f u r t h e r  be c ause  we have  no i n f o r m a t i o n  
a b o u t  K i n  eq ( 4 . 4 ) ,  t h i s  r e s u l t  s u g g e s t s  t h a t  c o n d i t i o n s  a r e
f a v o u r a b l e  f o r  t h e  p r o d u c t i o n  of Cd H, The (^P ) l e v e l  o f  Cd2 J1 J U
i s  a n e c e s s a r y  p r e c u r s o r  f o r  t h e  f o r m a t i o n  o f  Cd H v i a  r e a c t i o n
( 4 . 1 )  "above ,  and i t  a p p e a r s  t h a t  t h e  m a j o r i t y  o f  Cd atoms p r e s e n t
i n  t h e  d i s c h a r g e  may be i n  t h i s  e x c i t e d  s t a t e .
As ide  from t h e  f o r m a t i o n  and e f f e c t s  o f  Cd H, t h e
p r e s e n c e  o f  a to m ic  hyd ro g en  may g i v e  r i s e  t o  t h e  f o l l o w i n g  P e nn ing
2r e a c t i o n  which which  d e p l e t e s  t h e  5g 0 / 2  s t a t e  o f  Cd I I ;
Cd H ( 6g + H Cd IT (ground) + H”* -t- e  (a E).
a .  10)
I n  t h i s  c a s e ,  t h e  en e rg y  a v a i l a b l e  i s  15 .39 eV, t h i s  b e in g  t h e
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2d i f f e r e n c e  be tw een  Cd I I  ( 2 4 .4  eV) and t h e  i o n i c
Cd I I  g round  s t a t e  ( 9 . 0  eV) .  llie  e j e c t e d  e l e c t r o n  c a r r i e s  o f f  t h e  
e x c e s s  energy  A E  = 1,8  eV, ( t h i s  b e in g  t h e  d i f f e r e n c e  be tween  t h e  
a v a i l a b l e  e n e rg y  and t h e  i o n i s a t i o n  e n e rg y  o f  H, 13 .6  eV).  A 
s i m i l a r  r e a c t i o n  w i t h  Cd I I  i o n s  i n  t h e  uppe r  l e v e l s  o f  t h e  g r e e n  
t r a n s i t i o n s  i s  much l e s s  l i k e l y  t o  o c c u r  b e c a u s e  t h i s  l e v e l  l i e s  
on ly  13 .4  eV above  t h e  Cd I I  ground  s t a t e ,  and t h u s  t h e r e  i s  
i n s u f f i c i e n t  e ne rgy  a v a i l a b l e  f o r  i o n i s a t i o n  o f  H atoms.  S i n c e ,  
however ,  t h e  uppe r  l e v e l s  o f  t h e  g r e e n  l a s e r  t r a n s i t i o n s  a r e  
t h o u g h t  t o  be c a s c a d e  pumped from t h e  r e d  t r a n s i t i o n s ,  a t  l e a s t  i n  
p a r t ,  r e a c t i o n  ( 4 . 1 0 )  above  w i l l  r e d u c e  t h e  p o p u l a t i o n  i n v e r s i o n  
be tw een  t h e  e ne rgy  s t a t e s  c o r r e s p o n d i n g  t o  b o th  r e d  and g r e e n  l a s e r  
w a v e l e n g t h s .
Hydrogen p r e s e n t  i n  t h e  d i s c h a r g e  may a l s o  a f f e c t  
t h e  he l iu m  m e t a s t a b l e  and i o n  d e n s i t i e s ,  b o t h  o f  which p l a y  
i m p o r t a n t  r o l e s  i n  t h e  pumping mechanisms o f  h o l low  c a th o d e  He-Cd 
l a s e r s .  The h e l iu m  m e t a s t a b l e  d e n s i t y  may be d e p l e t e d  v i a  t h e  
f o l l o w i n g  Penn ing  r e a c t i o n
H e  ( ^ s  ^ S )  +  H 2  H K H- H e  ( g r o u n d )  -t- e  ( A  E )  ^
The e j e c t e d  e l e c t r o n  removes t h e  e x c e s s  e n e rg y ,  g i v e n  by
AE = E (  He 2 s  ^5) -  E (d issoc ia t ion)  -  E (i on i s o t  ion) 
(Cj.g -  4 . 4 6  -  1 3 - 5 9  = 1-75 e V  .
Helium i o n s  a r e  p roduced  i n  t h e  d i s c h a r g e  by d i r e c t  e l e c t r o n  im pa c t
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e-H Wc —» He. 2 e  , ( 4 - 2^.)
-16 2The maximum c r o s s  s e c t i o n  f o r  t h i s  r e a c t i o n  i s  0 . 3  X 10 cm 
(Brown, 1 9 61 ) ,  and o c c u r s  f o r  i n c i d e n t  e l e c t r o n  e n e r g i e s  i n  t h e
r a n g e  80-100  eV. The f o l l o w i n g  r e a c t i o n s ,  however ,  a r e  l i k e l y  t o  
o c c u r  when hydrogen  i s  p r e s e n t
0  -t- H —^ - h  2  e  p (4-*^)
0  4 M2 H2  4" 2  c  5 (4 -  4^ )
R e a c t i o n s  ( 4 . 1 3 )  and ( 4 .1 4 )  have  maximum c r o s s  s e c t i o n s  s i m i l a r  to  
o f  0 . 3  X 10 ^^cm^ and 1.0 X 10 ^^cm'^, r e s p e c t i v e l y ,  and which  
a l s o  o c c u r  f o r  e l e c t r o n  e n e r g i e s  i n  t h e  r a n g e  80-100 eV. The 
t h r e s h o l d  v a l u e  f o r  i o n i s a t i o n  o f  a tom ic  and m o l e c u l a r  hyd rogen  a r e  
1 3 .6  eV and 16.0 eV, r e s p e c t i v e l y ,  and a r e  low e r  t h a n  t h a t  f o r  
he l iu m  ( 2 4 .6  eV).  I t  i s  t h u s  l i k e l y  t h a t  a  l a r g e r  - f r a c t i o n  o f  
e l e c t r o n s  i n  t h e  d i s c h a r g e  a r e  a v a i l a b l e  f o r  r e a c t i o n s  ( 4 , 1 3 )  and 
(4.14 -) ,  t h a n  i s  t h e  c a s e  f o r  r e a c t i o n  ( 4 . 1 2 ) .  The n e t  r e s u l t  i s  
t h a t  t h e  He' i o n  d e n s i t y  w i l l  be lo w e re d  i n  t h e  p r e s e n c e  o f  
hydrogen ,  and t h e r e  w i l l  c o r r e s p o n d i n g l y  be few er  cha rge  exchange  
r e a c t i o n s ,  which pump t h e  uppe r  l e v e l s  o f  t h e  r e d  and g r e e n  
t r a n s i t i o n s .  R e a c t i o n s  ( 4 .1 3 )  and ( 4 . I 4 ) a r e  a l s o  i n  c o m p e t i t i o n  
w i t h  t h e  f o l l o w i n g  r e a c t i o n
e + C d —‘ Cc C^ - t - Ze .  ( 4.. IS)
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S te p w ise  e l e c t r o n  e x c i t a t i o n  i s  t h o u g h t  t o  p l a y  an i m p o r t a n t  r o l e
Q 2 2i n  p r o d u c i n g  t h e  p o p u l a t i o n  d e n s i t y  o f  Cd I I  (4d 5 s  % / 2 ^  ' which 
i s  t h e  u p p e r  l e v e l  o f  t h e  b l u e  t r a n s i t i o n .
F i n a l l y ,  i t  i s  w e l l  known t h a t  p o p u l a t i o n  o f  
m o l e c u l a r  v i b r a t i o n a l  s t a t e s  by e l e c t r o n  im pa c t  p r o d u c e s  a  d e c r e a s e  
i n  t h e  mean e l e c t r o n  en e rg y  ( l o w e r i n g  o f  T^) .
4 .7  Tube No.6 O v e r a l l .  D e s ig n ..
Tube No.6 had a s t a i n l e s s  s t e e l  c y l i n d r i c a l  c a th o d e ,  
50 cm i n  l e n g t h  w i t h  a 4 imii b o r e ,  and CD 38 nm. Ten anodes  sp a c e d  
5 cm a p a r t  were i n t e r s p e r s e d  by n in e  e q u a l l y  sp a ce d  cadmiuiri w e l l s  
and s i t u a t e d  d i a m e t r i c a l l y  o p p o s i t e  t h e  a n o d e s ( s e e  f i g  4 . 6 ) .  The 
anode a s s e m b l i e s  a r e  i l l u s t r a t e d  i n  f i g  4 . 7 .  A s i l i c a  s l e e v e  was 
i n s e r t e d  i n  t h e  anode s l e e v e ,  a s  i n d i c a t e d  i n  f i g  4 . 7 ,  t o  p r e v e n t  
t h e  d i s c h a r g e  from t h e  anode s t r i k i n g  t o  t h e  i n t e r n a l  s u r f a c e s  o f  
t h e  anode s l e e v e s  and g e n e r a t i n g  unwanted h e a t  n e a r  t h e  g l a s s / m e t a l  
s e a l s .  The B r e w s t e r  window a s s e m b l i e s  were mounted a t  each  end o f  
t h e  tube  u s i n g  " 0 ” r i n g  s e a l s  ( f i g  4 . 8 ) .  The "0" r i n g s  r e q u i r e  
p r o t e c t i o n  from t e m p e r a t u r e s  i n  e x c e s s  o f  100 °C, and t h u s  a  7 cm 
l e n g t h  o f  t h i n  w a l l e d  ( 0 .5  mm) s l e e v e  c o n n e c t s  t h e  B r e w s t e r  
a s s e m b l i e s  w i t h  t h e  tube  c a t h o d e s .  With t h e  l a s e r  c a thode  a t  i t s  
maximum o p e r a t i n g  t e m p e r a t u r e  o f  350 °C, t h e  s l e e v e s  s h o u ld  p r o v i d e '  
a d e q u a t e  p r o t e c t i o n  f o r  t h e  "0" r i n g  s e a l s .
An i n s u l a t e d  h e a t e r  e l e m e n t  (26 swg Eureka ,  4 m
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l e n g t h )  was wound on t l ie  c a t h o d e .  A t h e r m i s t o r  mounted on t h e  
c a th o d e  p r o v i d e d  t h e  n e c e s s a r y  tem perature m o n i t o r i n g  f o r  t h e  
e l e c t r o n i c  tem perature c o n t r o l l e r  d e sc r ib e d  I n  Appendix One. I t
was found  th a t  t h e  t r i a o  i n  t h e  t e m p e r a t u r e  c o n t r o l l e r  would not
f i r e  p r o p e r l y  i n t o  a h igh  i n d u c t a n c e  load  and so th e  h e a te r  was 
d o u b le  wound i n  a b i f i l a r  manner .
Tube No.6 was d e s i g n e d  t o  be p a r t i a l l y  heated  by
d i s c h a r g e  power,  w i t h  t h e  c a th o d e  h e a t e r  p r o v i d i n g  t h e  e x t r a  power 
r e q u ired  t o  b r i n g  th e  c a th o d e  up t o  t h e  o p e r a t i n g  t e m p e r a t u r e  r ange  
280 °C -  350 ^C.
The anode  s l e e v e s  s e r v e d  t o  p r o t e c t  t h e  g l a s s / o c t a l  
(Kovar)  s e a l s  from e x c e s s i v e  t e m p e r a t u r e s ,  d i m e n s io n s  b e in g  c h o s en  
i n  a c c o r d a n c e  w i t h  t h e  t h e r m a l  d e s i g n  c r i t e r i a  e s t a b l i s h e d  i n
C h a p t e r  Three .
A s e r i e s  o f  b l i n d  h o l e s  bo red  i n t o  t h e  e x t e r n a l  
c a th o d e  w a l l  p r o v i d e d  s i t e s  f o r  t h e r m o c o u p le  j u n c t i o n s  f o r  cathode  
t e m p e r a t u r e  m e a s u r e m e n t .
4 .8  Tube h o . 6 C o n str u c t io n .
The c a t h o d e  body was c o n s tr u c te d  f r o n  f i v e  58 mm OD
s t a i n l e s s  s t e e l  s e c t i o n s  which were t h e n  argon -arc -w e ld ed
t o g e t h e r .  The anode s e c t i o n s  were a l s o  a r g c n -a r c -w e ld ed  t o g e t h e r ,  
each  we ld  b e in g  l e a k  t e s t e d  i n d i v i d u a l l y  b e fo re  the next weld  was 
a t t e m p t e d .  Again,  a l t h o u g h  th e r e  a r e  a t o t a l  o f  ter.  w e ld s  be tween
Kovar and s t a i n l e s s  s t e e l  i n  t h e  whole  t u b e ,  t h e  t e c h n i q u e  y i e l d e d
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a sys tem  which p roved  t o  be l e a k t i g h t .  Seven o u t  o f  t h e  t e n  
K o v a r / s t a i n l e s s  s t e a l  w e ld s  were l e a k  t i g h t  a f t e r  w e l d in g  once ,  and 
t h e  r cL ia in ing  t h r e e  r e q u i r e d  an e x t r a  " ru n "  t o  a c h i e v e  t h i s .  The 
cadr.iiuLi w e l l s  were d r i l l e d  d i a m e t r i c a l l y  o p p o s i t e  t h e  anodes  and 
s p a c e d  e q u a l l y  be tw een  them. The d r i l l e d  h o l e s  w ere  s e a l e d  by 
a rg o n - a rc - 'W e ld in g  s t a i n l e s s  s t e e l  p l u g s  i n t o  t h e n .
The c o m p le te d  anode a s s e m b l i e s  were t h e n  w elded o n t o  
t h e  c a th o d e  body, w ith t h e  s i l i c a  s l e e v e s  i n  s i t u .  T h i s  was 
n e c e s s a r y  because  t h e  g l a s s  t e n d e d  t o  narrow i n t e r n a l l y  a t  t h e  
g l a s s / m e t a l  s e a l ,  by up t o  1 .5  mm i n  some c a s e s .  I f  th in n e r  
s i l i c a  s l e e v e s  had been i n s e r t e d  a f t e r  a s sem b ly ,  they  would no t  
have  f i t t e d  a s  c l o s e l y  t o  th e  i n t e r n a l  anode s l e e v e s ,  and would 
t h u s  be l e s s  e f f e c t i v e  a t  p r e v e n t i n g  t h e  d i s c h a r g e  s t r i k i n g  t h e r e .  
The c om ple ted  tube  was g i v e n  a f i n a l  l e a k  t e s t ,  and t h e n  t h e  
cadmium w e l l s  w e re  f i l l e d  w i t h  cadmium. T h i s  was a c h i e v e d  h  
p l a c i n g  cadiiiium g r a n u l e s  a t  one end o f  t h e  tube  and push ing the-:.; 
a lo n g  t h e  bo re  u n t i l  t h e  f i r s t  w e l l  was f i l l e d .  T h i s  was r e p e a l e d  
u n t i l  a l l  t h e  w e l l s  wore f i l l e d .  A 5 oi,. l e n g t h  o f  s i l i c a  s l e e v e  
was t h e n  in s e r t e d  i n t o  t h e  B r e w s t e r  s l e e v e s  a t  c i t h e r  end o f  the  
t ube  t o  p r e v e n t  t h e  d isch a rg e  e x t e n d i n g  a x i a l l y  f rom t h e  4 nm b o r e  
r e g i o n .
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4 . 9 Opera t i n g  C o n d it io n s .
Tube Mo.6 was o p e r a t e d  i n  t h e  c i r c u i t  i l l u s t r a t e d ,  
f i g  4 . 9 ,  v/ i th  each o f  t h e  t e n  anodes  i n d i v i d u a l l y  b a l l a s t e d  w i t h  a 
6 K f l  r e s i s t o r  c h a i n .  The t o t a l  ' tube  c u rren t  was l i m i t e d  t o
1100 r:iA by t h e  power s u p p ly ,  and t h i s  c u r r e n t  was t h e  v a l u e  a t  
which t h e  t u b e  was g e n e r a l l y  o p e r a t e d  f o r  t h e  o p t i c a l  m easu rem en ts  
d e s c r i b e d  below.  Tube p r o c e s s i n g  c o n s i s t e d  o f  ba kc ou t  a t  220 
under vacuum o v e r n i g h t .  The tube  was m ainta ined  a t  t h i s
t e m p e r a t u r e  w i t h  t h e  c a th o d e  h e a t e r ,  and t h u s  t h e  anode s l e e v e s  
t h e m s e lv e s  were  not baked a t  t h i s  t e m p e r a t u r e .  The tube  was t h e n  
f i l l e d  w i t h  15 T o r r  h e l iu m  and a d i s c h a r g e  e s t a b l i s h e d  a t  1100 l-.A. 
Uhen combined d i s c h a r g e  h e a t i n g  and c a th o d e  h e a t i n g  b r o u g h t  t h e  
c a th o d e  tem perature up t o  350 °C, t h e  d i s c h a r g e  was sw itch ed  o f f  
and t h e  tube  repumped vj i th  t h e  c a th o d e  h e a t e r  m a i n t a i n i n g  the
c a th o d e  t e m p e r a t u r e  a t  220 ^C. Again,  c a r e  was n e c e s s a r y  d u r i n g
t h i s  o p e r a t i o n ,  t o  keep t h e  g a s  f low d u r i n g  pump-down slow enough 
t o  p r e v e n t  cadmium d e p o s i t s  fo rm in g  on t h e  B r e w s t e r  windows. The 
p r o c e s s  o f  r u n n in g  a d i s c h a r g e  i n  15 Tor r  a t  1100 i.-.k was r e p e a t e d  
s e v e r a l  t i m e s . b e f o r e  any o p t i c a l  m easu rem en ts  w e re  t a k e n .
A t t e m p t s  t o  o b t a i n  t h r e e  c o l o u r  o p e r a t i o n  from tube  
Mo.6 were a l s o  u n s u c c e s s f u l .  As w i t h  tube  Mo.5 ,  a wide r a n g e  o f  
h e l ium  p r e s s u r e s  (5 -  40 T o r r ) ,  t u b e  t e m p e r a t u r e s  (250 -  350 ’^0) 
and d i s c h a r g e  c u r r e n t s  (500 -  1100 mA) were i n v e s t i g a t e d .  The 
o p t i c a l  c a v i t y  was t h e  same a s  u s e d  f o r  t u b e  Mo.5 .  Only 
i n t e r m i t t e n t  o s c i l l a t i o n  o f  t h e  g r e e n  l i n e s  a t  533*7 and 537-8 nm 
was o b t a i n e d ,  g e n e r a l l y  a t  c u r r e n ts  above 800 mA, tube  tem peratures  
above  320 and a t  h e l iu m  p r e s s u r e s  i n  t h e  r a n g e  5 -  40 T o r r .
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However, random f l u c t u a t i o n s  r e n d e r e d  p a r a m e t r i c  o b s e r v a t i o n s  o f  
power o u t p u t  vs  c u r r e n t ,  t e m p e r a t u r e  and p r e ssu r e  somewhat  
p o i  n t 1 e s s .
4 ,1 0
The same o p t i c a l  sys tem  a s  d e s c r i b e d  i n  S e c t i o n  4 , 4  
was u s e d  t o  o b t a i n  e m i s s i o n  s p e c t r a  from tube  No.6.  Discharge: 
c o n d i t i o n s  d u r i n g  t h e  s c a n  were  1100 iiA t o t a l  tube  c u r r e n t ,  15 Torr 
h e l i u m  p r e s s u r e  and 350 t u b e  t e m p e r a t u r e .  The r e s u l t s  o f  t h e
s c an  were q u a l i t a t i v e l y  i d e n t i c a l  w i t h  t h o s e  o b ta in ed  w i t h  tube  
No.5 .  S t r o n g  e m i s s i o n  bands ,  a t t r i b u t e d  t o  Cd H t r a n s i t i o n s ,  were 
a g a i n  o b s e rv e d ,  a s  were weak and. l i n e s .
Dur ing  c a v i t y  a l i g n a i e n t ,  w i t h  a b e a m - s t e e r e d  I lc-xe  
l a s e r ,  i t  was o b s e r v e d  t h a t  t h e  r e f l e c t e d  s p o t  f rom t h e  back m irror  
a p p e a r e d  t o  v a ry  i n  I n t e n s i t y  on t h e  p i n  h o l e  c a r d  ( s e c  f i g  4 , 1 0 ) .  
T h i s  s u g g e s t e d  t h a t  t h e r e  was p e rh a p s  some o p t i c a l  a b s o r p t i o n  
o c u r r i h g  a t  6 3 2 .8  oiu T h i s  neon l i n e  was no t  o b s e r v e d  i n  e m i s s i o n  
which s u g g e s t e d  t h a t  t h e  s u s p e c t e d  a b s o r p t i o n  may be o f  a 
c o n t i n u o u s  n a t u r e  ( i e .  b road  band m o l e c u l a r  a b s o r p t i o n ) .  To
i n v e s t i g a t e  t h i s  f u r t h e r ,  t h e  o p t i c a l  system  was a l t e r e d  as
i l l u s t r a t e d  i n  f i g  4 . 1 1 .  A broad  band s o u r c e  ( t u n g s t e n  f i l a m e n t  
b u lb )  was p l a c e d  on t h e  sys tem  o p t i c a l  a x i s  a t  t h e  f a r  end o f  the  
t u b e .  The i .ionochromator  was t h e n  s e t  t o  a c c e p t  a w a v e l e n g t h  ( 6 3 4 .0  
nm) c l o s e  t o  t h e  r e d  l a s e r  t r a n s i t i o n s  a t  635 .5  rvr. and 636 .0  nm., 
bu t  a t  which t h e r e  was no d i s c h a r g e  e m i s s i o n .  The bu lb  a l o n e  was
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t h e n  s w i t c h e d  on, and t h e  bu lb  o u t p u t  m o n i t o r e d  a t  63 4 .0  ru:.. T h i s  
was s t a b l e  t o  w i t h i n  ±  25 over a p e r i o d  o f  one hour. The d isch a rg e  
was t h e n  i n i t i a t e d  and t h u s  any a b s o r p t i o n  o c c u r r i n g  a t  the  
m o n i t o r e d  v /ave long th  s h o u l d  p roduce  a drop i n  s i g n a l  i n t o n u l Ly from 
t h e  bu lb .  Such s i g n a l  a t t e n u a t i o n  was i n d e e d  o b s e r v e d .  The 
g e n e r a l  t i n e  b e h a v io u r  a f t e r  d i s c h a r g e  i n i t i a t i o n  i s  i l l u s t r a t e d  i n  
f i g  4 . 1 2 .  P r i o r  to  d i s c h a r g e  i n i t i a t i o n ,  t h e  tube  had  been pujr.ped 
and baked a t  220 t h e n  r e f i l l e d  w i t h  15 T o r r  lie liiu ... An i n i t i a l  
drop i n  m easu red  i n t e n s i t y  was o b s e r v e d ,  t h e  d i s c h a r g e  a t t e n u a t i n g  
up t o  56 > o f  t h e  bulb* s  l i g h t  w i t h i n  20 m i n u t e s .  However, t h i s  
r e c o v e r e d  somewhat a f t e r  a f u r t h e r  10 m in u t e s ,  and s e t t l e d  a t  a 
l e v e l  r e p r e s e n t in g  an  a t t e n u a t i o n  o f  8 p e r  M etro .  F i g u r e  4 . 1 2  
shows t h e  r e s u l t  o f  sw itc h in g  th e  d i s c h a r g e  on and o f f  s e v e r a l  
t i m e s ,  a f t e r  t h e  i n i t i a l  s e t t l i n g  down p er iod . Uhen sw itch ed  o f f ,  
th e  measured i n t e n s i t y  o f  t h e  bulb r e v e r t e d  to  i t s  i n i t i a l  v a l u e ,  
b e f o r e  d i s c h a r g e  i n i t i a t i o n .  R e - e s t a b l i s h i n g  t h e  d i s c h a r g e  caused  
t h e  m easu red  bu lb  i n t e n s i t y  t o  drop a lm o s t  I n s ta n ta n eo u s ly  t o  the  
l e v e l  which i t  a t t a i n e d  a f t e r  s e t t l i n g  down.
The g e n e r a l  t im e  b e h a v io u r  o f  a b s o r p t i o n  was found  
t o  b e ' r e p r o d u c i b l e  p r o v i d e d  t h a t  t h e  tube was pumped t h e n  r e f i l l e d  
w i t h  f r e s h  He ( t o  15 T o r r ) ,  A s im i la r  a b s o r p t i o n  scan  was t a k e n  n t  
a w avelength  c l o s e  t o  t h e  g r e e n  t r a n s i t i o n s  and a p p r o x i m a t e l y  e qua l  
a b s o r p t i o n  was m ea su red .  Ho a b s o r p t i o n  m ea s u rem e n ts  c o u ld  be made 
c l o s e  t o  t h e  b lu e  t r a n s i t i o n  b e c a u s e  o f  background  r a d i a t i o n  i n  t h e  
v i c i n i t y  o f  t h e  l i n e .
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4. 11
As w i t h  tube  Ho.5 ,  tube  Ho.6 d i s p l a y e d  e x c e l l e n t  
t h e r m a l  s t a b i l i t y  during t h e  c o u r s e  o f  i t s  o p e r a t i o n .  The therr.al  
r e s i s t o r s  p r o v id e d  a d e q u a t e  p r o t e c t i o n  f o r  t h e  g l a s s / m e t a l  s e a l s  a t  
t h e  a n o d e s ,  and f o r  t h e  "0" r i n g  s e a l s  s i t u a t e d  i n  t h e  B r e w s t e r  
a n g l e d  window mounts .  A x ia l  t e m p e r a t u r e  g r a d ie n t s  were  min imal  
(5 '^C) a t  th e  maximu;;] d i s c h a r g e  cu rren t  o f  1100 mA.
L a s e r  g a i n s  o f  a p p r o x i m a t e l y  55 per m e t r e  have  been 
m easu red  i n  He-Cd h o l low  c a th o d e  l a s e r s  f o r  a l l  o f  the  t r a n s i t i o n s  
i n  t h e  v i s i b l e  Cd I I  t r a n s i t i o n s ,  under optimui,. d i s c h a r g e  
c o n d i t i o n s  f o r  each  l i n e  ( C s i l l a g  e t  a l ,  1977) .  The a b so r p t io n  
o b s e r v e d  i n  t h e  p lasma o f  t u b e  Ho,6 can  t h u s  a c c o u n t  f o r  t h e  l e c h  
o f  t h r e e  c o l o u r  output .  The a b s o r p t i o n  was due t o  a s p e c i e s  which  
was formed on ly  when the  d i s c h a r g e  was running, and v:hich cocayec  
when t h e  d i s c h a r g e  was s w i t c h e d  o f f  ( s e e  f i g  4 . 1 2 ) ,  The s p e c i e s ,  
however, r e m a in s  u n i d e n t i f i e d .
4 . 1 2  C o n c l u s i o n s
The r e s u l t s  o f  t h e  t h e r m a l  a n a l y s i s  deve lop ed  in  
Chapter Three  were a p p l ie d  to  th e  d e s i g n s  o f  t u b e s  Hos.5 and 6. 
The p rob lem s  e n c o u n t e r e d  i n  t u b e s  Hos.1 and 3 w i t h  t h e  f a i l u r e  o f  
t h e  g l a s s / m e t a l  s e a l s  due to  o v e r h e a t i n g  were s u c c e s s f u l l y  
overcome.  F u r t h e r m o r e ,  t h e  s e v e r e  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  
m ea su red  on t h e  c a t h o d e s  o f  tube  Ho.4 were  s u c c e s s f u l l y  e l i m i n a t e d
11
by d e s i g n i n g  t u b e s  Ucs.5 and 6 w i t h  t h i c k e r  w a l l e d  c a t h o d e s .  The 
l a r g e s t  a x i a l  t e m p e r a t u r e  v a r i a t i o n s  r e c o r d e d  o c c u r r e d  a t  t h e  
h i g h e s t  d i s c h a r g e  c u r r e n t s  o p e r a t e d  i n  tube  Ho.5 (200 mA p e r
a n o d e ) ,  and were  l e s s  t h a n  10 . T h i s  p e r m i t t e d  t h e  use  o f
m u l t i p l e  s o u r c e s  o f  oaditiun d i s t r i b u t e d  a l o n g  a 50 cu a c t i v e  l e n g t h  
i n  tube  ÎÎ0 . 6 , a d e s i r a b l e  d e s i g n  f e a t u r e  f o r  s e a l e d - o f f  l o n g  a c t i v e  
l e n g t h  t u b e s  where  oa du iuu  d i s t r i b u t i o n  i s  n o t  enhanced  by gas  
f low .
E m is s io n  s p e c t r o s c o p y  o f  t h e  d i s c h a r g e s  o b t a i n e d  In  
t u b e  Mo.5 i d e n t i f i e d  Cd H a s  a m a jo r  i m p u r i t y .  I t  h a s  been shown 
( S e c t i o n  4 . 6 )  t h a t  t h e  p r e s e n c e  o f  hydrogen  i n  a Île-Cd d i s c h a r g e  
may g i v e  r i s e  to  s e v e r a l  r e a c t io n s ,  a l l  o f  which  have  a d e t r i m e n t a l  
a f f e c t  on t h e  pumping mechanisms which  p roduce  t h e  p o p u l a t i o n  
i n v e r s i o n s  on t h e  v i s i b l e  l a s e r  t r a n s i t i o n s  o f  Cd I I .
A b s o r p t i o n  s p e c t r o s c o p y  of  t h e  d i s c h a r g e s  o b t a i n e d  
i n  t u b e  Mo.6 showed t h a t  a t r a n s i e n t  s p e c i e s ,  formed w h i l e  the  
d i s c h a r g e  was r u n n i n g ,  c o u ld  a c c o u n t  f o r  t h e  l a c k  o f  th r ee  co lo u r  
o u t p u t ,  from t h a t  t u b e .  The s p e c i e s  r e s p o n s i b l e  rei..ains  
u n i d e n t i f i e d .
The poor o s c i l l a t i o n  c h a r a c t e r i s t i c s  o b t a i n e d  from 
t u b e s  Mos. 5 and 6 a r e  l a r g e l y  a t t r i b u t a b l e  t o  i m p u r i t i e s  p r e s e n t  
i n  t h e  d i s c h a r g e .  Ti iere a r e  two l i k e l y  s o u r c e s  o f  i m p u r i t i e s  i n  
s e a l e d - o f f  d e v i c e s  such  as  t u b e s  Mos. 5 and 6 . F i r s t l y ,  t h e  
m a t e r i a l  u sed  i n  t h e  c o n s t r u c t i o n  o f  t h e  t u b e  c a t h o d e s  was o f  
commerc ia l  g r a d e ,  and a p a r t  f rom d e g r e a s i n g  t h e  mach ined  component 
p a r t s ,  no s p e c i a l  s u r f a c e  p r e p a r a t i o n  p r o c e s s e s  were  a d o p te d .  
T e c hn ique s  such a s  b a k in g  i n  a f o rm in g  g a s  atmosphere, a c id  
p o l i s h i n g  and n i c k e l  p l a t i n g  have  been d e v e lo p e d ,  and a r e  used
j
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e x t e n s i v e l y ,  i n  t h e  e l e c t r o n  t u b e  i n d u s t r y .  Such t e c h n i q u e s  are  
g e n e r a l l y  found t o  be n e c e s s a r y  f o r  a l l  t y p e s  o f  s e a l e d - o f f  
d e v i c e s .  Moreover ,  component p a r t s  a r e  g e n e r a l l y  m a n u f a c t u r e d  fro:.: 
h igh  p u r i t y  m a t e r i a l s .  S e c o n d ly ,  tube  p r o c e s s i n g  p r io r  to  
o p e r a t i o n  posed  s e v e r a l  p r ob le m s  and ,  i n  r e t r o s p e c t ,  may have  been 
i n a d e q u a t e .  The p r e s e n c e  o f  cadmium i n  t h e  tube and t h e  l a c k  o f  
p r o p e r  bakeou t  f a c i l i t i e s  l i m i t e d  t h e  maxii.iULi b a k e o u t  t e m p e r a t u r e  
t o  220 ^C, which was l o w e r  t h a n  t h e  t e m p e r a t u r e s  a t  which  t h e  tube  
was o p e r a t e d .  I t  i s  t h u s  l i k e l y  t h a t  t h e  r a t e  o f  o u t g a s s i n g  o f  t h e  
c a th o d e  i n c r e a s e d  when a d i s c h a r g e  was e s t a b l i s h e d ,  and t h a t  
i m p u r i t i e s  a d s o r b e d  on t h e  c a th o d e  s u r f a c e s  p e r s i s t e d  a f t e r  
b a k e o u t .  I n  c o n t r a s t ,  t h e  t e m p e r a t u r e s  used  d u r i n g  p r o c e s s i n g  i n  
t h e  e l e c t r o n  t u b e  i n d u s t r y  a r e  g e n e r a l l y  a s  h i g h  a s  t h e  component  
p a r t s  can w i t h s t a n d ,  which u s u a l l y  r e p r e s e n t s  a t e m p e r a t u r e  which  
i s  h i g h e r  - t h a n  t h e  maxii.ium reco'mmended tem peratu res  a t  which  
d e v i c e s  may be o p e r a t e d .
The uppe r  l i m i t  imposed on ba ke ou t  tem perature by
t h e  e x i s t e n c e  o f  cadmium i n  t h e  t u b e s  c o u ld  p o s s i b l y  bo overcome by
b a k in g  i n  two s t a g e s .  The f i r s t  ba keou t  would be a t  a s  h ig h  a 
t e m p e r a t u r e  a s  component p a r t s  c o u ld  w i t h s t a n d  w i t h o u t  t h e  p r e s e n c e  
o f  cadmium. The tube  c o u ld  t h e n  be a l l o w e d  t o  coo l  and l e t  up t o
a i r  b e f o r e  i n s e r t i n g  t h e  cadmium s o u r c e .  The second  b a k e o u t ,  a t  a-
low er  t e m p e r a t u r e  (200 -250^0 )  c o u ld  t h e n  be i n i t i a t e d  t o  e r a d i c a t e  
w a t e r  va pou r  from t h e  cadmium sample and from any ot .her s u r f a c e s  
which hi ay have become r e c o n t a m i n a  t e d  a s  a r e s u l t  o f  l e t t i n g  t h e  
tube  up t o  a i r  a f t e r  t h e  f i r s t  ba k c o u t .
I n  c o n c l u s i o n ,  i t  i s  t h o u g h t  t h a t  w i t h  t h e  e x p e r t i s e  
i n  p r o c e s s i n g  t e c n i q u e s  a v a i l a b l e  i n  t h e  e l e c t r o n  tu b e  i n d u s t r y ,
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t o g e t h e r  w i t h  c a r e f u l  th e r m a l  d e s i g n ,  s u c c e s s f u l  s e a l e d - o f f  
o p e r a t i o n  o f  w h i t e  l i g h t  He-Cd l a s e r s  co u ld  be o b t a i n e d .  Since," 
however ,  t h r e e - c o l o u r  He-Cd l a s e r s  a r e  n o t  y e t  c o m m e rc i a l l y  
a v a i l a b l e ,  i t  would a p p e a r  t h a t  deve lopm ent  work i s  s t i l l  r e q u i r e d ,  
e s p e c i a l l y  i n  t h e  tube  m a t e r i a l s  and p r o c e s s i n g  a r e a s .
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5.1  trv. j j i d  e -G_d_. I la l lou.  Ce, thodo La s i r .
l ia i  i  un "-cadmium l a s e r s  can o s c i l l a t e  on f i v e  
t r a n s i t i o n s  i n  t h e  v i s i b l e  r e y i o n  o f  t h e  s p e c t ru m ,  a t  441 .6  n:.„, 
533*7 and 537*8 viï.i, and 635 .5  and 636*0 nr:. Under c o n d i t i o n s  o f  
s im ultaneous  o s c i l l a t i o n ,  t h e  l a s e r  o u t p u t  can a p p e a r  w h it e ,  and It 
changing t h e  the r e l a t i v e  p r o p o r t i o n s  o f  each  o f  t h e  t h r e e  c o l o u r s ,  
a wide v a r i e t y  o f  d i f f e r e n t  c o l o u r s  may be o b t a in e d .  To h e l p  
q u a n t i f y  t h e  s u i t a b i l i t y  o f  t h e  lla-Cd s y s t o a  a s  a c a n d i d a t e  f o r  
wh ite  l i g h t  and c o l o u r e d  l i g h t  p r o d u c t i o n ,  i t  i s  n e c e s s a r y  t o  
d i s c u s s  b r i e f l y  t h e  f u n d a m e n ta l s  o f  c o l o u r i m o t r y . Colour  
n e a sû rem en t  i s  ba sed  on t h e  human v i s u a l  sys te m , and i n v o l v e s  t h e  
comparison o f  two c o l o u r s .  I n  Y oung 's  e x p e r i m e n t  on c o l o u r  n i x i n g ,  
rod  and g r e e n  beans a r e  superimposed on a s c r e e n  ai;d compared w i th  
a y e l lo w  bean ( f i g  5 . 1 ( a ) ) .  By a d j u s t i n g  the  r e l a t i v e  i n t e n s i t i e s  
o f  the r e d  and g r e e n  be a ns ,  a good n a t c h  with t h e  y e l l o w  can be 
o b t a i n e d .  T h i s  i n t r o d u c e s  t h e  n o t i o n  o f  c o l o u r  " e q u a t i o n s " .  The
117
c o l o u r  e q u a t i o n  f o r  f i g  5 . 1 ( a )  i s
R ( R )  +  C ( G )  s  y ( Y ) .  ( i )
T h i s  means t h a t  R amount  o f  c o l o u r  ( R ) su p e r im p o s e d  w i t h  C
amount o f  c o l o u r  (C ) ,  t;,ives t h e  same v i s u a l  e f f e c t  a s  V amount
o f  c o l o u r  ( Y ) .  An i m p o r t a n t  law of  co l e u  r i t e  t r y  s t a t e s  t h a t  any 
c o l o u r  ( C )  can be m atched  by a s u i t a b l e  c o m b i n a t i o n  o f  t h r o e  
" i n d e p e n d e n t "  s p e c t r a l  c o l o u r s ,  ( X ) , ( Y ) and ( Z ) .  Thus, we have
( : C c l  5= x f x )  ^  / ( y )  +  ,  ( i i )
p r o v i d e d  t h a t  X a n d / o r  Y a n d / o r  %  may be n e g a t i v e .  I f  
X  i s  n e g a t i v e ,  t h i s  means t h a t  X ( X )  s u p e r im p o s e d  on t h e  
d e s i r e d  c o l o u r  C ( C )  w i l l  g i v e  t h e  same e f f e c t  a s  Y ( Y )  
s u p e r im p o s e d  on %  ( X ) .  I f  t h e  t h r e e  c o l o u r s  ( X  ) ,  ( Y ) and ( X )  
a r e  rod ,  g r e e n  and b l u e ,  t h e n  more c o l o u r s  can  bo m atched  by t h e s e  
t h a n  by any o t h e r  c o m b i n a t i o n .  For  example,  W  amount o f  w h i t e  
(W ) may bo p roduced  by com bin ing  R amount  o f  r ed  ( R ) , 
C amount o f  g r e e n  (G  ) and 6  ai.iount o f  b l u e  ( G ) ,  as  f o l l o w s
V J ( W )  =  R ( R )  4- G ( G )  -+- B ( b K  d i i )
The r e l a t i v e  p r o p o r t i o n s  i n  tc r ius  o f  lumens a r c
2 3 0 (w ) “  62 (R ) + 162(G) + 6 (B )  « ( iv )
The u n i t s ,  o f  (R  ) , ( G )  and ( & )  i„ey be d e f i n e d  such  t h a t  equal
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aiaountü o f  t lio r e f e r e n c e  ( p r i m a r y )  c o l o u r s  ()% ) ,  ( G ) and (J5 ) 
p ro d u ce  vrhlto  l i g h t .  I n  t e rm s  o f  white(W) and c o l o u r  (C  ) 
now w r i t e
o n d
3 (W ) s  1 (R )  +  1 (5 )  + KJ3) , (v)
C(C)  =  KiTO  + 5 .C 5 ) + .BC.B), (V I)
« h e r e  HZ , ( r  end Æ e r e  c a l l e d  t r i s t i y . u l u s  v e l u o s .  Iloeauec. o f  
t h e  c h o ic e  o f  u n i t s  i n  oq (v)  above ,  we ?!iay w r i t e
C  =  K. +  5 . d- eB . ( v i i )
E q u a t i o n  ( v i )  may be w r i t t e n
(c) = •— CKJ + ^  ( £ )  +  - ^ r s )
T " C K J  4 - b ( J B )  4 - a f t S ; )   ^ ( VI  ) I}
where  we have  made t h e  s u b s t i t u t i o n s
The c o e f f i c i e n t s  T  , g  and b  a r e  c a l l e d  c b r o m a t i c i t y
c o - o r d i n a t e s ,  and s i n c e  we now have
f  4- g  b  -  I , (X )
i t  can be s e e n  t h a t  on ly  two c h r o m a t i o i t y  c o - o r d i n a t e s  a r e  r e q u i r e
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t o  c om p le te ly  s p e c i f y  a c o l o u r .  C o l o u r s  arc  r e p r e s e n t e d  
g r a p h i c a l l y ,  i n  t e rm s  o f  t h e i r  c h r o m a t i c i ty  c o - o r d i n a t e s ,  on t h e  
c h r o m a t i d t y  d iag ram  o f  t h e  I n t e r n a t i o n a l  Commission of
I l l u m i n a t i o n  (CIE) ,  ( s e e  f i g  5 . 1 ( b ) ) .  The a r e a  e n c l o s e d  by t h e
s o l i d  l i n o  i n  f i g  5 . 1 ( b )  r e p r e s e n t s  t h e  l o c u s  o f  a l l  p o s s i b l e
c o l o u r s .  Also shown on t h e  d iag ram  a r e  t h e  he-Cd v i s i b l e  l a s e r
t r a n s i t i o n  w a v e le n g th s .  The a r e a  bounded by the dashed  l i n e s ,  
which j o i n  the  Ke-Cd l a s e r  wavelength  p o i n t s ,  e n c l o s e s  a l l  t h e  hu e s  
which may be r e p r o d u c e d  on a He-Cd t h r e e  c o l o u r  l a s e r  system  
( l i k e w i s e  f o r  any o t h e r  t h r e e  w a v e l e n g t h s ) .  Note t h a t  s i n c e  t h e  
B ide s  o f  t h e  l o c u s  o f  a l l  p o s s i b l e  hues  a r c  convex,  no c o m b i n a t i o n  
o f  t h r e e  c o l o u r s  can  p roduce  a l l  p o s s i b l e  hues ,  without  r e s o r t i n g  
1 0  no g a  t i v  o g o e  f  f  i c i  e n t  s .
A t h r e e - c o l o u r  He-Cd l a s e r  sy s tem  would be c a p a b l e  
o f  p r o d u c i n g  most  o f  the  hu e s  on t h e  ch rcm ,a t io i  ty diagra  .q and t h u s  
much o f  t h e  r e s e a r c h  i n v o l v i n g  Ilo-Cd l a s e r s  h a s  been d e v o te d  t o  t h e  
deve lopm ent  o f  a s c a l e d - o f f  d e v i c e  with  l o n g  l i f e  and s t a b l e  three  
c o l o u r  o s c i l l a t i o n  c h a r a c t e r i s t i c s .  An important component p a r t  o f  
such a d e v ic e  i s  t h e  three  c o l o u r  o p t i c a l  c a v i t y  c o n s i s t i n g  o f  a 
b roadband  " t o t a l "  r e f l e c t o r  and o u t p u t  c o u p l e r .  An o u t p u t  c o u p l e r  
w ith  r e f l e c t i v i t y  c h a r a c t e r i s t i c s  which wore o p t i m i s e d  f o r  each  of  
t h e  t h r e e  c o lo u r s  would be p a r t i c u l a r l y  u s e f u l .  D i f f i c u l t y  has  
been e x p e r i e n c e d  i n  the  p a s t  by o t h e r  w o r k e r s  i n  f u l f i l l i n g  t h i s  
r o q u i r c i a ont ( c g , 11 a ng , 1 9C0 ) .
I n  t h i s  c h a p t e r ,  the. novel  a p p l i c a t i o n  o f  a 
f l o w - g r a p h  method to  t h e  a n a l y s i s  o f  o p t i c a l  boundaries  i.- 
d e v e lo p e d ,  and t h e  r e s u l t s  o b t a i n e d  a r e  v e r i f i e d  by comparison wi th  
more c o n v e n t i o n a l  techniques ,  such  as  ray  summation and m a t r i x
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methods .  The m u l t i l a y e r  d e s i g n s  o f  a broadband  t o t a l  r e f l e c t o r  ano 
o u t p u t  coup le r s  based  on t h e  f low g raph  model a r c  t h o n  p r e s e n t e d .
5 . 2 i n t r o d u c t i o n  t o  t h e  Flow Graph Model.
( S o u r c c : Adam, 1969)
I n  a n a l y s i n g  g e n e r a l  t r a n s m i s s i o n  and r e f l e c t i o n  
p r ob le m s ,  i t  i s  o f t e n  u s e f u l  t o  r e p r e s e n t  a g i v e n  ne twork  a s  a 
’’b l a c k - b o x "J  or  as  a c o l l e c t i o n  o f  b l a c k  boxes ,  each  o f  which h a s  a 
l i n e a r  r e f l e c t i o n  c o e f f i c i e n t  on t h e  s i g n a l .  Us ing  t h i s  
r e p r e s e n t a t i o n ,  t h e  c o n t e n t s  o f  t h e  box a r c  u n i m p o r t a n t ,  and only 
t h e  e f f e c t  t h e  box h a s  on an a p ] ) l i c d  s i g n a l  need be c o n s i d e r e d .  
Thus, a s im p l e  two p o r t  ne tw ork  may bo r e p r c  s e n t e d  a s  a b l a c k  box 
( f i g  5 . 2 ( a ) ) .  T h i s  s im p l e  r e p r e s e n t a t i o n  a.ay be t r a n s f o m e c  t o  a 
f low g rap h  r e p r e s e n t a t i o n  by n o t i n g  t h a t  i f  e s i g n a l  i s  a p p l i e d  t o  
t h e  i n p u t  p o r t ,  t l ien i t  may be p a r t l y  t r a n s m i t t e d  and p a r t l y  
r e f l e c t e d .  The same a p p l i e s  t o  t h e  o u t p u t  p o r t .  The f l e x  jrapi'z 
r e p r e s e n t a t i o n  i s  shown i n  f i g  5 . 2 ( b ) ,  whore t h e r e  a r e  two "nodes"  
f o r  each  p o r t ,  one f o r  t h e  i n c i d e n t  s i g n a l  and t h e  o t h e r  f o r  t h e  
r e f l e c t e d  s i g n a l  f o r  t h a t  p o r t .  The i n c i d e n t  nodes  a r c  ts:v.,cd t h e  
" q  " nodes  and t h e  r e f l e c t e d  nodes  a r c  te rmed  t h e  " b "  nodes .  The 
c o r r e s p o n d i n g  i n c i d e n t  and r e f l e c t e d  s i g n a l  a m p l i t u d e s  a m  d e n o te d  
by Q ,  and b ,  r e s p e c t i v e l y .  In  f i g  5 . 2 ( b ) ,  where  t h e  i n c i d e n t  
s i g n a l  e n t e r s  t h e  d e v i c e  a t  node , t h e  f r a c t i o n  k i s  
r e t u r n e d  a lo n g  t h e  k^j p a t h  and l e a v e s  t h e  ne tw ork  v i a  b  ^ .
The r e m a in d e r  o f  t h e  s i g n a l  c o n t i n u e s  a l o n g  t h e  k p a t h  t o  t h e
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noue.
I l  Cl no t h  or  ne tw ork  h ü v i n j  r e f l e c t i o n s  n s s o o i e t o d  
w i t h  i t s  i n p u t  i s  c o n n e c t e d  t o  t h e  o u t p u t  p o r t  o f  f i e  5 . 2 ( b ) ,  t h e n  
p a r t  o f  t h e  s i r n a l  l e a v i n g  t h e  node w i l l  bo r e t u r n e d ,  due to
t h e s e  r e f l e c t i o n s ,  v i e  t h e  node. P a r t  o f  t h i s  r e t u r n  s i g n a l
nay t h e n  be r e f l e c t e d  b a d :  o u t  o f  t h e  ne tw ork  v i a  t h e  p a th
and node,  and p a r t  nay be t r a n o u i t t e d  a l o n g  t h e  p a t h
t o  t h e  node. C o n t i n u i t y  a t  t h e  nodes g i v e s  t h e  • f o l l o w i n g
equa t i e n s ,
^2. ~  ° |  ^^21 >
b|  -  Q |  4 -  . (5.21
F rot:  e q u a t i o n s  l i k e  ( 5 . 1 )  and ( 5 . 2 ) ,  a s y s t e u  o f  s i m u l t a n e o u s
e q u a t i o n s  d e s c r i b i n g  t h e  s i g n a l - f l o w  i n  a ne tw ork  can  be d e r i v e d  
end s o l v e d .
5 . 3  k o f l e o t i v i b ’' o f  a SiiiDl o G l a s s  P l a t e .
The r e f l e c t i v i t y  o f  a s i w p l e  g l a s s  p l a t e ,  w i t h  
p a r a l l e l  p i a n o  s u r f a c e s ,  i s  d e r i v e d  by u s i n g  t h e  f low g rap h  i iode l  
t o  d e v e lo p  a sys tem o f  s i m u l t a n e o u s  e q u a t i o n s .  The r e f l e c t i v i t y  i s  
a l s o  c a l c u l a t e d  u s i n g  a ray--s iumia t ion t e c h n i q u e  and t h e  r e s u l t  o f  
t h i s  method i s  compared to  t h a t  o b t a i n e d  u s i n g  f lo w  g r a p h s .
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5 . 3 . 1  FI OU- Cranh I io t l i o a .
I n  u s i n g  f low g r a p h s  t o  a n a l y s e  o s i i . p l c  g l a s s
p l a t e ,  oaoli o p t i c a l  boundary i s  r e p r e s e n t e d  by a two p o r t  ne tu o r ! : ,
a s  o u t l i n e d  above.. Each p o r t  i s  a s s i g n e e  two nodes ,  one f o r  t h e
i n c i d e n t  o p t i c a l  wave and t h e  o t h e r  f o r  t h e  r e f l e c t e d  o p t i c a l
wave. The floW' g r a p h  f o r  a g l a s s  p l a t e  w i t h  p l a n e  p a r a l l e l
s u r f a c e s  i s  i l l u s t r a t e d  i n  f i g  5 . 3 .  The o p t i c a l  t h i c k n e s s  o f  t h e
<0 ^g l a s s  i s  r e p r e s e n t e d  by t h e  f a c t o r  <S whore (p  i s  g i v e n  by,
where  \  i s  t h e  w a v e le n g th  o f  t h e  i n c i d e n t  l i j i t ,  i s  t h e
r e f r a c t i v e  i n d e x  o f  t h e  g l a s s ,  and t h e  t h i c k n e s s  o f  t h e  g l a s s
p l a t e .  Thus t h e  i n t e r c o n n a c t i a g  pa thways  be tw een  each o p t i c a l  
Douiidary o f  t h e  two p o r t  ne tw ork  t a k e  t h e  v a l u e  e  
The r e m a in i n g  pa thways  a r e  r e p r e s e n t e d  by ’' k  ” p a r a m e t e r s  wliich a r c  
s im ply  the  F r c s n o l  c o e f f i c i e n t s  f o r  r e f l e c t i o n .  Thus u s i n g
n  =  — -  , n  -  ------- ,  ( 5 . U )
r , g
where  i s  t h e  r e f r a c t i v e  i n d e x  o f  a i r ,  t h e  pathway v a l u e s  a r c
g i v e n  by t h e  f o l l o w i n g
k
I -  n
U I “f" Y1
1
S  ■ tF t  “  ' + k ,
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f o r  normal i n c i d e n c e .  Phase cliangos o f  ICO ^ i n c u r r e d  by r e f l e c t i o n  
from a r a r e - t o - c l c n a e  bounda ry  a r e  t h u s  a c c o u n t e d  f o r  by t h e  s i g n  
which t h e  F r e s n e l  c o e f f i c i e n t s  t a k e  i n  a c c o r d a n c e  w i t h  o q s ( 5 , 5 ) .
Use o f  c o n t i n u i t y  e q u a t i o n s  s i m i l a r  t o  eqs  ( 5 . 1 )  and 
( 5 . 2 )  y i e l d s  t h e  f o l l o w i n g  s i m u l t a n e o u s  e q u a t i o n s
b  =  a ,  +  a ^ k , ^  ,  ( 5 . 6 )
= (3 l< -h a  k  (5.1)2 I 21 2  22. 5
c, = B (5.8)1  I )
^  I ^z?_ *> ( 5 . 9 )
A. = b .  ( 5 . 1 0 )
f rom which an e x p r e s s i o n  f o r  t h e  coze pi  ex r a t i o  o f  r e f l e c t e d  t o
I
and ( 5 . 1 0 )  y i e l d s
i n c i d e n t  a m p l i t u d e s  -Q- i s  o b t a i n e d .  Us ing  eqs  ( 5 .G ) ,  ( 5 . 9 )
= 6 ,  =  ^ 2 2 ^ 1  == ^ 2 1 * ^ 1  ( 5 . 1 1 )
and t h u s ,  we have k = — ( 5 1 2 )
K ? .  e
U s ing  eq ( 5 . 1 2 )  t o  e l i r . i i n a t e  from on ( 5 . 7 )  y i e l d s
2 1 0
a . (5.B)
which,  when s u b s t i t u t e d  i n  c-q ( 5 . 6 ) ,  y i e l d s  an e x p r e s s i o n  f o r  the  
complex r a t i o  o f  r e f l e c t e d  t o  i n c i d e n t  am pli tudes ,
b.
Q.
I l l
I .  ^ 1 2  ^ 2 1  ^^7.2. ^V" “rne;^ ^ (5.IÜ
F i n a l l y ,  u s i n g  t h e  r e l a t i o n s h i p  i n  eq ( 5 . 5 )  between t h e  F r e s n o l  
c o e f f i c i e n t s  f o r  normal  i n c i d e n c e ,  and d e f i n i n g  © ~ 1 0  ,
eq ( 5 . 1 4 )  s  i.m p ]. i  f  i  e s t  c y l a i d
b,
Q
k „ ( l  -  e"®)
! -  k , : e ( ®
The r e f l e c t i v i t y  i s  then d e f i n e d  as
R ba
which,  t o g e t h e r  w i t h  cq ( 5 . 1 5 ) ,  y i e l d :
(i 2  k /  C I -  cos8  )I ~ 2.k|| Cos0 + kII
(5.15)
(5.16)
(5.17)
The i n t e r v e n i n g  a l g e b r a i c  s t e p s ,  between  oqs ( 5 . 1 5 )  and ( 5 . 1 7 )  a r e  
g i v e n  i n  Appendix Four ,
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5 . 3 . 2  Iblhod
The v a l i d i t y  o f  cq ( 5 . 1 2 )  i..ay be v e r i f i e d  u s i n g  a 
Li o r  G c o n v e n t i o n a l  r ay  s iuà îc i t ioa  t e c h n i q u e .  F i g u r e  5 . 4  i l l u s t r a t e s  
t h e  m u l t i p l e  r e f l e c t i o n s  r e s u l t i n g  from a wave n o r m a l ly  i n c i d e n t  cn 
a g l a s s  p l a t e ,  where  t h e  d iagram  has  been drawn f o r  c l a r i t y  such 
t h a t  t h e  r a y s  do n o t  a p p e a r  s u p e r im p o s e d .  The F r c s n o l  c o e f f i c i e n t s  
k  a r c  t h e  s ane  a s  d e f i n e d  i n  eq ( 5 . 5 )  a s  i s  t h e  phase  a n g l e  
0  ■
The t o t a l  a m p l i t u d e  o f  t h e  r e f l e c t e d  wave, w i t h  © ~ 2 0 ,  i s  g i v e n
by
- r  = k  -H k  k k e ' ‘ ® + k k k  —  (5.18)t  tl 12 21 21 (1 21 22
Using  e q s ( 5 . 5 ) ,  t h i s  becomes
tr = k -  ( I - k,,’')( k e'*®+ k/e^^*^+---) (5.m)t  II II II II
Sui .n .at ion o f  t h i s  g e o m e t r i c a l  p r o g r e s s i o n  y i e l d s
I I i©k|, -  k„ e
X  °   r  z   (5.20)
1 -  k„ e
which  i s  i d e n t i c a l  t o  cq ( 5 . 1 5 ) ,  and t h u s  t h e  r e f l e c t i v i t y  i s  g i v e n  
V
. 12 k„ ( I -  cos 0 )R  ^ (5.2!)
I Z kjj cos6 '{” k^ i
which i s  t h e  same as  ecj ( 5 . 1 7 ) .
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5.Jl u t i Qi i j 3 . r f O . L v . ,_
E q u a t i o n  ( 5 .1 5 )  above ,  f o r  Uie complo:; r a t i o  o f  
r e f l e c t e d  t o  i n c i d e n t  a m p l i t u d e s ,  was d e r i v e d  by s o l v i n g  a sys t^u.  
o f  s i i . i u l t an e o u s  e q u a t i o n s .  T h i s  was r e a d i l y  a c h i e v e d  be c ause  t h e  
number o f  e q u a t i o n s  was s m a l l ,  however ,  f o r  c a s e s  where  t h e r e  a r e  
a l a r g e  number o f  o p t i c a l  b o u n d a r i e s ,  t h e  number o f  e q u a t i o n s  t o  be 
h a n d le d  becomes l a r g e .  F o r t u n a t e l y ,  t h i s  number can  bo r e d u c e d  by 
a p p l y i n g  a t o p o g r a p h i c a l  method t o  t h e  f low g raph  r e p r e s e n t a t i o n .  
The a p p ro a c h  u s e s  only f o u r  b a s i c  r u l e s  which a r e  s t a t e d  and p ro v ed  
below,  and which  e n a b l e  a s o l u t i o n  t o  be o b t a i n e d  w i t h o u t  s o l v i n g  
t h e  r e l e v a n t  s i m u l t a n e o u s  ec ju a t io n s .
ItULE 1; I!ode E l i m i n a t i o n .
Two b r a n c h e s ,  o r  pa thways ,  whose cor.r.ion node has  
on ly  one incom in g  and one o u t g o i n g  b ranch ,  c r  pa thway ,  ( b r a n c h e s  i n  
s e r i e s )  may be combined t o  fori.., a s i n g l e  b ranch  whose u o c f f i c i c n t  
i s  t h e  p r o d u c t  o f  t i ic  c o e f f i c i e n t s  o f  t h e  o r i g i n a l  brénîchcs.  Thus 
t h e  coLinon node i s  e l i m i n a t e d ,  as  i l l u s t r a t e d  i n  f i g  5 . 5 ,  The 
p r o o f  a r i s e s  f rom t h e  e q u a t i o n s
E . ( 5 .2 1 )
and,  t h u s ,  by s u b s t i t u t i o n .
( 5 . 1 3 )
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Two b r a n c h e s  p o i n t i n g  from a common node ( b r a n c h e s  
i n  p a r a l l e l )  may be combined i n t o  a  s i n g l e  b ranch  whose c o e f f i c i e n t  
i s  t h e  suiD o f  t h e  c o e f f i c i e n t s  o f  t h e  o r i g i n a l  b r a n c h e s  ( f i g  5 . 6 ) .  
The p r o o f  i s  o b v i o u s  from t h e  e q u a t i o n
E l  = = (  k a  + k ^ j E ,  ( 5 . 2 4 )
When a node p o s s e s s e s  a s e l f - l o o p  ( a  b ranch  which 
b e g i n s  and ends a t  t h a t  node) o f  c o e f f i c i e n t  , t h e  s e l f  l o o p  
may be e l i m i n a t e d  by d i v i d i n g  t h e  c o e f f i c i e n t  o f  ev e ry  o t h e r  b ranc h  
e n t e r i n g  t h a t  node by t h e  f a c t o r  ( I -  ) .  To p rove  t h i s ,  f rom
f i g  5 . 7 ,  t h e  f o l l o w i n g  e q u a t i o n  may be w r i t t e n
^ 2  " EZ, t- k g ,  ET2. (  S . 2 5 )
From t h i s ,  we g e t
E l  -  ■ ,  E ,  ( 5 .  2 G )
1 “  k
%i
,,...UcdO. DUPl l Çy
A noüo 7.1 ay be d u p l i c a t e d  ( l e .  s p l i t  i n t o  two nodes  
t h a t  1:0y bo s u b s e q u e n t l y  t r e a t e d  a s  two s e p a r a t e  nodes)  a s  l o n g  a s  
t h e  r e s u l t i n g  f low g r a p h  c o n t a i n s ,  once and on ly  once ,  each 
co t i ib ina t ion  o f  i n p u t  and o u t p u t  b r a n c h e s  ( e x c e p t i n g  s b ranch  which 
forms  a s e l f  l o o p )  c o n n e c t i n g  t h e  o r i g i n a l  node. Any s e l f  lo o p  
a t t a c h e d  t o  t h e  o r i g i n a l  node must a l s o  be a t t a c h e d  t o  each o f  t h e  
nodes r e s u l t i n g  from d u p l i c a t i o n .  From t h e  f low  g r a p h  on t h e  LEG 
o f  f i g  5 . 7 ;  t h e  f o l l o w i n g  e q u a t i o n s  i..ay be w r i t t e n
^ 4  -  k , ( k ^ E ,  -U b , E ^ )  ; ( 5 , 1 7 )
and from th e  f low g raph  on th u  lillS o f  f i g  5 .7  where node E  ^ i s  
d u p l i c a t e d ,  wo may w r i t e
[  "  =  k  E  E  '  =  k  [2  A I )  3 6 i  5
^ k  "  -h F-3 ,
A t o p o g r a p h i c a l  d e r i v a t i o n  o f  t h e  e x p r e s s i o n s  f o r  
t h e  couple : :  r a t i o  o f  r e f l e c t e d  t o  i n c i d e n t  a m p l i t u d e s  f o r  a s im p le  
g l a s s  p l a t e  i s  g i v e n  i n  f i g  5 . 9 ,  s t e p s  ( a ) - ( j ) .  The e x p r e s s i o n  
o b t a i n e d  i n  f i g  5 . 9 ( j )  i s  ago or  a i  or. l l y  i d e n t i c a l  to  t h a t  o b t a i n e d
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by s o l v i n g  s i m u l t a n e o u s  e q u a t i o n s  based  on cqs  ( 5 . 1 )  and. ( 5 . 2 ) .  
i loto th a t  t h e  to p o g r a p h ica l  s o l u t i o n  i n  f i g  5 . 9 ( j )  a l s o  y i e l d s  an 
e x p r e s s i o n  f o r  t h e  complex' r a t i o  o f  t r a n s m i t t e d  to  i n c i d e n t  
a m p l i t u d e s .  As a check  on t h e  s e l f - c o n s i s t e n c y  o f  t h e  f l o w - g r a p h  
m ethod  , as  a p p l i e d  t o  o p t i c a l  b o u n d a r i e s ,  i t  i s  shown in  Appendix 
F i v e  t h a t  Fi T = 1 .
b .5 R é f l e c t i v i té  o f  a Si tuvle  Thi n F i lm Com bina t io n .
The r e f l e c t i v i t y  o f  a s im p l e  5 - l a y e r  s t r u c t u r e  on a 
s u b s t r a t e  i s  now d e r i v e d  u s i n g  t h e  f low g r a p h  method, and t h e  
r e s u l t s ,  i n  t h e  form o f  a r e f l e c t i v i t y  a g a i n s t  "X g ra p h ,  a r c
compared with  t h o s e  ob ta in ed  u s i n g  t h e  c o n v e n t i o n a l  
c h a r a c t e r i s t i c - m s t r  1 x approach.
5 . 5 . 1  Flow Granh h o t hod.
The s t r u c t u r e  and c o r r e s p o n d i n g  f lo w  g raph  o f  t h e
3 - l a y e r  mirror a r c  i l l u s t r a t e d  i n  f i g s  5 . 1 0  and 5.11 r e s p e c t i v e l y .
F i g u r e  5 . 1 0  a l s o  g i v e s  the v a l u e s  o f  r e f r a c t i v e  i n d e x  used  i n  t h e
I'O /c a l c u l a t i o n s .  Each l a y e r  h a s  an  o p t i c a l  t h i c k n e s s  o f  , where
c: 500 1Ï 1. R e f l e c t i o n s  from the b a d :  s u r f a c e  o f  the s u b s t r a t e  
a r e  n e g l e c t e d .
R e s o l v i n g  t h e  f low g raph  o f  f i g  5.11 t o p o g r a p h i c a l l y
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and u s i n g  t h e  r e l a t i o n s  be tw een  t h e  F r e s n e l  c o e f f i c i e n t s  f o r  normal  
i n c i d e n c e  y i e l d s  t h e  f o l l o w i n g  s i m p l i f i e d  e x p r e s s i o n s
a  -  -^s  ,  ( 5 J T
-  k n  +  C o  e  
C l  = — ------- — ------- ’ ( S ' .  3 0 )I -  k „ Q £
■ rUv= "
where,  we have
© .  d  .  '  - ( d t )  ,
{ F -  3 3 )
P l +  O n  7 ^ +  H a
Thus,  C 3  r e p r e s e n t s  t h e  complex r a t i o  o f  r e f l e c t e d  t o  i n c i d e n t
a m p l i t u d e s  f o r  t h e  3 - l a y e r  s t r u c t u r e .  The r e f l e c t i v i t y ,  
R  = I C  ^ I , i s  shown a s  a  f u n c t i o n  o f  A  i n  f i g  5 . 1 2  The
c a l c u l a t i o n s  o f  r e f l e c t i v i t i e s  were computed u s i n g  t h e  S t .  Andrews
U n i v e r s i t y  D i g i t a l  VAX/VliS compute r .
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5 . 5 , 2  i ;  kAtT.i::. Appro,
ï n  t h e  c o n v e n t i o n a l  i . a t r i x  a p p ro a c h  to  t h i n  f l i t ,  
a n a l y s i s ,  the  R. l a y e r  i n  t h e  s t a c k  h a s  a c h a r a c t e r i s t i c  m a t r i x  
g i v e n  by
M
cos Gk
"t n ,  s m  0 ,  k k
<  Sin  8 ^  
c o s  0 .
where  i s  t h e  r e f r a c t i v e  ir.clex o f  t h e  k l a y e r ,  1 -- /Z '1 ,
(5.3L)
and 0|^ i s  g i v e n  by
G
IT  A ,
k 1  A ; (5.35)
Xo/f o r  l a y e r s  w ith an o p t i c a l  t h i c k n e s s  o f  .
The p r i n c i p l e s  u n d e r l y i n g  t h e  m a t r i x  r e p r c s c n t c t i o n  
a r e  c o n s i d e r e d  i n  ...any te x t  books on l i g h t  (Lo rn  and h c l f e , 1 9 5 5 ;  
i l a i t l a n d  and Dunn, 196G; F o u l e s ,  1975) and w i l l  n e t  be d i s c u s s e d  
h e r e .  The c h a r a c t e r i s t i c  m a t r i x  f o r  t h e  whole  s t a c k  i s  t h e n  g i v e n
by
=  M ,  M 3  , (5,36)
where  d e n o t e s  m a t r i x  m u l t i p l i c a t i o n .  The t r a n s m i t t e d  f l u x  i,
th o n  g i v e n  by
T  '  1 -  R =
7i-
•no r i s
(5 .3 7 )
where ,  we have
M
C
C 21
• i c 12
C VI
( 5 . 3 8 )
Thus t h e  c h a r a c t e r i s t i c  m a t r i : :  f o r  t h e  3 - la y e r  s t a c k  i l l u s t r a t e d  i n  
f i g  5 .10  i s
( 5 . 3 m
. B ^  . D_ . B
M ,=
A -t y. H A
-in^B AH C t n ^ B  A
where  A . & 5 C end 0 a r c  r e la t e d by
c o s
TrX,
2 X 9 B ” D - s i n
r r  X
T x
o ( 5 . 6 0 )
C a r r y i n g  ou t  t h e  m u l t i p l i c a t i o n  i n  eq ( 5 . 3 9 )  y i e l d s
AB ( c 11
c 21 AB ( B n_n M
C , ,  =12 AB ( Tiy + Zn,_ ) ■
( 5 . 6 1 )
Frou  0 Q£’. ( 5 . 4 1 )  and ( 5 . 3 7 )  > t h e  r e f l e c t i v i t y  R may bo c a l c u l a t e d .  
The r e s u l t s  o b t a i n e d  u s i n g  t h e  m a t r i x  approach a r c  i d e n t i c a l  w i t h  
t h o s e  o b t a i n e d  u s i n g  t h e  t o p o g r a p h i c a l l y  r e s o lv e d  f low  graph  for
t i l l s  s im p l e  3 - l a y e r  s t r u c t u r e .
5.6
The f low graph  c a l c u l a t i o n s  u n d e r t a k e n  so f a r  have  
been f o r  r e l a t i v e l y  s i m p l e  p rob lem s  where  t h e  .number o f  o p t i c a l  
b o u n d a r i e s  h a s  been  s m a l l .  However,  f o r  h ig h  r e f l e c t i v i t y  l a s e r  
L i i r r o r s  o v e r  an e x t e n d e d  s p e c t r a l  r e g i o n ,  t h e  number o f  o p t i c a l  
b o u n d a r i e s  r e q u i r e d  t o  g i v e  t h e  d e s i r e d  r e s u l t s  i s  l a r g , c r .  I n  t h e  
ne x t  s e c t i o n ,  f o r  e xa m p le , i t  i s  found  t h a t  b road  band l a s e r  
m i r r o r s '  f o r  Hc»Cd ho l lo w  c a th o d e  l a s e r s  r e q y i r o  upwards o f  20
l a y e r s .  The f low g r a p h s  f o r  such m i r r o r s  a r c  cm.iborsomc and t h e i r
s t e p - b y - s t e p  r e s o l u t i o n  i s  t e d i o u s .  I t  may bo n o te d ,  hcwcvcr ,  fro;.- 
t h e  p r e v i o u s  examples  u s i n g  f low g r a p h s ,  t h a t  t h e  t o p o g r a p h i c a l  
method y i e l d s  c h a r a c t e r i s t i c  f l o u  g r a p h  p a r a m e t c r o  o f  t h e  form
k m  +  d m - l  6
"  "  I +
ihf o r  t h e  m  o p t i c a l  i n t e r f a c e ,  numbered from t h e  s u b s t r a t e  where
At = 0  t o  t h e  l a s t  l o y e r ,  u l ie re  7Y1 i s  t h e  number o f  l a y e r s .  In
t h i s  c a s e ,  t h e  r e l e v a n t  F r e s n e l  c o e f f i c i e n t  i s  g i v e n  by
:nd t h e  phase  t o n :  i s  i s  g i v e n  by
. ( 5 .L L )
j. ihwhere  i s  t h e  o p t i c a l  t h i c h n e s s  o f  t h e  m l a y e r .  The
■ .|.Uc h a r a c t e r i s t i c  f low graph paremoter fo r  t h e  hi l a y e r  i s
J
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r  ik tk. The r c h ' r a c t i v e  i n d i c e s  o f  t h e  m  and ( m 4-1) l a y e r s
a r c  n ^  and n  , r e s p e c t i v e l y .  Ce..,p l i c a t e d  l a y e r  s t r u c t u r e s  
h a v i n g  many o p t i c a l  boundaries  may t i ius  bo r e s o l v e d  u s i i g ,  eq ( 5 . 4 2 )  
w i t h o u t  hav i ig ,  t o  w r i t e  down and r e s o l v e  t h e  f le w  g rap h  f o r  the  
p a r t ic u la r  c a s e .
5 .7  ^road B&nd m irro rs  For he-Cd L a sa r c .
The d e s i g n s  p r e s e n t e d  below, for  a b road  band t o t a l  
r e f l e c t o r  and two o u t p u t  c o u p l e r s ,  a r e  based  upon t h e  s u p e r p o s i t i o n  
o f  t h r e e  m u l t i l a y e r  d i e l e c t r i c  s t a c k s .  Each s l a c h  c o n s i s t s  o f  a 
d i f f e r e n t  number o f  l a y e r s ,  where t h e  t h r e e '  v a l u e s  of
XiQ c o r r e s p o n d  a p p ro x i i . i s t c ly  t o  t h e  t h r e e  primary c o lo u r s  o f  
Kc-Cd, For  c o n v e n ie n c e ,  t h e  d e s i g n  i je thod  we s h a l l  use  i s  ba sed  on 
a " t r i a l  and error"  method o f  c a l c u l a t i o n .  T h i s  a r i s e s  b e c a u s e ,  
a l t h o u g h  t h e  r e f l e c t i v i t y  o f  a g i v e n  l a y e r  s t r u c t u r e  ...ay bo rea d ily  
c a l c u l a t e d ,  t h e  i n v e r s e  p r o c e s s  i s  no t  e a s i l y  performed. In  o t h e r  
words, i t  i s  very  d i f f i c u l t  t o  c a l c u l a t e  t h e  l a y e r  s t r u c t u r e  
r e q u i r e d  i f  t h e  d e s i r e d  r e f l e c t i v i t y  c h a r a c t e r i s t i c s  a r c  g i v e n  a s  
i n i t i a l  d a t a .  The problem i s  f u r t h e r  com p lica ted  s i n c e  u n d e r  
c e r t a i n  c o n d i t i o n s  two q u a r t e r  wave s t a c k s  a t  and may
g i v e  r i s e  t o  deep  i n t e r f e r e n c e  i i i n i i ia  i n  t h e  r e f l e c t i v i t y  
c h a r a c t e r i s t i c s ,  d e p e n d in g  on t h e  v a l u e s  o f  X^^ and 
"^01 c hosen .  I t  i s  t h e r e f o r o  e s s e n t i a l ,  i n  p r a c t i c e ,  t c  d eve lop  
a method o f  c a l c u l a t i o n ,  u s i n g  oq ( 5 . 4 2 ) ,  i n  which  t h e  g i v e n  l a y e r  
s t r u c t u r e  may be a l t e r e d  r e a d i l y  and r e s u l t s  q u i c k l y  r e v i e w e d .
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T h i s  was ac h iev e d  u s i n g  t h e  l o c a l  D i g i t a l  VAX/ViIS computer. Based 
on q u a r t e r  w a v e l e n g t h  s t a c k s  where = 2 . 3 ,  - 1 .3G,
71 Csubs1:role)u l . g  and flCoir) = 1 . 0 ,  s u b r o u t i n e s  wore  w r i t t e n  fc r  
e ach  k i n d  o f  boundary  t h a t  may a r i s e  i n  t h e  f i n a l  l a y e r  s t r u c t u r e .  
The c a l c u l a t i o n  t h u s  c o n s i s t s  o f  o s c r i e s  o f  c a l l s  t o  t h e  v a r i o u s  
s u b r o u t i n e s .  The l a b e l l i n g  o f  each s u b r o u t i n e  was chosen  t o  e n a b l e  
t h e  c o m p o s i t i o n  o f  t h e  l a y e r  s t r u c t u r e  t o  be e a s i l y  r ev iew ed  and 
a l t e r e d .  The d i f f e r e n t  t y p e s  o f  o p t i c a l  boundary which may a r i s e ,  
t o g e t h e r  w i t h  t h e  r e l e v a n t  s u b r o u t i n e  names d e s c r ib in g  each  
boundary ,  a r e  a s  shown i n  T a b l e  5 . 1 .  I t  can  be s e e n  th a t  t h i s  
method o f  programming; t o g e t h e r  w i t h  t h e  chosen  n o m e n c l a t u r e ,  
e n a b l e s  la y e r  s t r u c t u r e s  t o  be e a s i l y  a l t e r e d  end r e s u l t s  t o  bo 
q u i c k l y  rev i e w e d .  A sample  programme i s  g i v e n  in  Appendix S ix .
The l a y e r  s t r u c t u r e s  d e r i v e d  fo r  a broad band t o t a l  
r e f l e c t o r  and two d i f f e r e n t  o u t p u t  c o u p l e r s  a r c  shewn i n  f i g s  5 . 1 3 ,  
5 . 1 4 ( a ) ,  and 5 . 1 4 ( b ) .  White  l i g h t  l a s e r  o p t i c s  f o r  Ke-Cd l a s e r s  
r e q u i r e  upwards o f  20 l a y e r s ,  where t h e  r e f r a c t i v e  i n d i c e s  a r c  
= 1-38 (hgFg) and = 2 .3  (ZnS).
5 . 8 Co nc 1 u d i  nr: H cm a r k s
The f low  g raph  t e c h n i q u e ,  which i s  w e l l  e s t a b l i s h e d  
i n  the  f i e l d  o f  microwave n e twork a n a l y s i s  (Adam, 1969) ,  has  been  
s u c c e s s f u l l y  a p p l i e d  t o  t h e  a n a l y s i s  o f  o p t i c a l  I n t e r f a c e s  i n  
g e n e r a l ,  and t o  t h in  f i l i a  l a s e r  o p t i c s  i n  p a r t i c u l a r .  Based  on t h e  
e q u a t i o n s  which a r i s e  f rom t h e  f low g rap h  t e c h n iq u e ,  d e s i g n s  of
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b ro ad  band o p t i c s  f o r  IIc-Ccl w h i t e  l i g h t  l a s e r s  have  been  
p r e s e n t e d .
The f low g raph  model can  bo m o d i f i e d  t o  a c c o u n t  f o r  
a b s o r p t i o n  i n  o p t i c a l  m a t e r i a l s  by u s i n g  t h e  complex for'... f o r  t h e  
r e f r a c t i v e  i n d e x
= n  ( r e a l )  -f- t  n ( i magrner y )  ( 5 . L 5 )
which g i v e s  r i s e  t o  a n e g a t i v e  e x p o n e n t i a l  t e rm s  i n  t h e  phase  te rm .
The f low  g rap h  model may a l s o  be e x t e n d e d  f o r  
a r b i t r a r y  a n g l e s  o f  i n c i d e n c e  by u s i n g  t h e  g e n e r a l  F r e s n e l  
c o e f f i c i e n t s  f o r  r e f l e c t i o n  and t r a n s m i s s i o n  i n s t e a d  o f  t h e  
s i m p l i f i e d  normal  i n c i d e n c e  c o e f f i c i e n t s  u s e d  above.
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OPTICAL BOUNDARY ENCOUNTERED 
By INCIDENT RADIATION
SUBROUTINE
NAME
FROM AlR TO LAYER OF H IG H  
REFRACTIVE IN D E X  . A H
FROM AIR TO L A Y E R  Of- LOW 
REFRACTIVE IN D E X . AL
f r o m  LAYER OF LOW REFR A C TIVE  
IN D E X  TO LAYER O F HIGH REFRACTIVE  
I N D E X .
L 14
FROM LAYER OF H IG H  R E FR A C T IV E  
IN D E X  TO LAYER OF LOW R E F R A C T IV E  
IN D E X .
14 L
F R O M  l a y e r  o f  h i g h  R EFRACTIVE  
I N D E X  T O  S U  GST A T E .
HS
FROM LAYER OF LOW REF/RACTIVE 
I N D E X  TO S U B S T R A T E . L S
TABLE 5.1 OPTICAL BOUNDARIES AND S xI ù R Q U T I N E  NAM ES  
FOR C O M P U T E R  O e S I G K J ' o F  L A S E &  M i R e ô R S  .
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El e c t r o n i c  Tu: m e r e  t u r c  Gout r e l i e r
The " e l e c t r o n i c  t h c r r . o s t a t "  u s e d  f o r  c o n t r o l l i n g ;  t h e  
t e m p e r a t u r e  o f  caô.'.iu:u s o u r c e s  a n d / o r  c a t h o d e s  i n  t u b e s  Eos.  4 ,  5 
and 6,  i s  based  on a s c r o - v o l t a y c  s n i t c h  i i n t e g r a t e d  c i r c u i t  ( Ï C ) ,  
a v a i l a b l e  f rom hS Components L t d . , ( s t o c k  number 3 0 5 - 3 0 0 ) .  The 
c i r c u i t  i s  i l l u s t r a t e d  i n  f i y  A1 . 1 ,  where t h e  t e m p e r a t u r e  s e n s i n g  
e le m e n t  i s  a t h e r m i s t o r , which was mounted i n  c l o s e  thom.iol c o n t a c t  
w i t h  t h e  h e a t e r  e l e m e n t .  The h e a t e r  e lem en t  c o n s i s t s  o f  a l e i \ , t h  
o f  34 sut; e u re k a  w i r e ,  whioli was c o v e re d  w i t h  h i y h  t e m p e r a t u r e  
e l e c t r i c a l l y  i n s u l a t i n j  s l e o v in p . .  The I c n y t h  o f  t h e  w i r e  depended  
on t h e  p a r t i c u l a r  a p p l i c a t i o n  f o r  which  t h e  h e a t e r  was i n t e n d e d ,  So 
d id  s e v e r a l  of  t h e  component v a l u e s  u s e d  i n  t h e  c i r c u i t  o f  
f i g  A1.1 .  For s m a l l  h e a t i n g  r e q i r c m o n t s ,  ( eg ,  t h e  oven  apponda^.c 
o f  tube. h o . 4 ) ,  50 ci,. o f  w i r e  was a d e q u a t e .  For  l a r g e r  h e a t i n g
r e q u i r e m e n t s ,  ( e g ,  t h e  c a t h o d e  o f  tube  Do.6 ) ,  up t o  500 cm were  
r e q u i r e d .  The c i r c u i t  components  and p a r a m e t e r s  wliich r e q u i r e d  
a l t e r a t i o n  f o r  t h e s e  d i f f e r e n t  a p p l i c a t i o n s  wore  t h e  sup-ply v o l t a g e  
V, t h e  l o a d  r e s i s t a n c e  K. ( e u r e k a  w i r e ) , t h e  s e r i e s  r e s i s t a n c e  K^ ,, 
and t h e  f u s e  i n  s e r i e s  w i t h  t h e  l o a d .  The c i r c u i t  i n  f i g  A1.1 
m a i n t a i n s  a chosen  t e m p e r a t u r e  i n  t h e  r ange  250 -  350 *“'C, t o  v j i t h i n
The c i r c u i t  o p e r a t e s  a s  f o l l o w s .  The v o l t a g e  on
“T!
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p i n  2 of  the  IC i s  d e t e r m i n e d  by t h e  v a l u e s  o f  and ( s e n s e i n g  
t h e r m i s t o r ) ,  a s  i l l u s t r a t e d  i n  f i g  A1.2 .  The IC compares  t h e  
v o l t a g e  on p i n  2 w i t h  an i n t e r n a l l y  g e n e r a t e d  ramp v o l t a g e ,  which 
a p p e a r s  on p i n  1 o f  t h e  IC. When p i n  2 i s  a t  a lower  v o l t a g e  t h a n  
t h e  bot tom o f  t h o  ramp, t h e  h e a t e r  i s  on, and when p i n  2 i s  a t  a 
h i g h e r  v o l t a g e  t h a n  t h e  top  o f  t h e  ramp, t h e  h e a t e r  i s  s w i t c h e d  o f f  
( s e e  f i g  A 1 ,3 ) .  V o l t a g e s  on p i n  2 l y i n g  be tween t h e  bot tom and t h e  
t o p  o f  t h e  ramp produce  s u f f i c i e n t  b u r s t s  o f  power t o  t h e  l o a d  t o  
make up f o r  t h e r m a l  l o s s e s .  The h e a t e r  i s  t h u s  c o n t i n u o u s l y  t u r n e d  
on and t h e n  o f f  a g a in ,  a t  t h e  same f r e q u e n c y  as  t h e  ramp v o l t a g e  
( t y p i c a l l y  1 Hs) ,  r e s u l t i n g  i n  m a i n t a i o e n c e  o f  a s t a b l e  t e m p e r a t u r e  
a t  t h e  chosen  v a l u e .  A f u r t h e r  a d v a n ta g e  o f  t h i s  d e v i c e  i s  t h a t  
t h e  l o a d  i s  t u r n e d  on a t  a z e r o - v o l t a g e  p o i n t  ( s e e  f i g  A 1 .3 ) ,  which 
m in i m i s e s  e l e c t r o m a g n e t i c  i n t e r f e r e n c e .  F u r t h e r  i n f o r m a t i o n  on t h e  
z e r o - v o l t a g e  IC i s  c o n t a i n e d  i n  RS d a t a  s h e e t  Mo. 2129.
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ArPilUDIX TJO
I n  C h a p t e r  Three ,  eq ( 3 . 1 5 )  d e s c r i b e s  t h e  
t e o p e r a t u r o  d i s t r i b u t i o n  i n  a c y l i n d r i c a l  c o n d u c t o r  a s  f o l l o w s ,
d t
dx ' f f C o
2_a , , s-5 ~ ( i
+  ( t - t „ A )W O'
where a l l  o f  t h e  p a r a m e t e r s  a r e  a s  d e f i n e d  i n  C h a p t e r  Th roe .  An 
/ d t  .e x p r e s s i o n  f or  \ Tf  / _ was o b t a i n e d  as  f o l l o w s ,UK X= O
X = 0
l a ( t f  - t 5 t o
+ h,H O
by a s s u u i n -  t h a t  ( ^ )  -  0 .  I f  wc assume t h a t  ( ^  ,ax jj - 1, ax X = L I S
n o t  e q u a l  to  z e r o ,  t h e n  an  i n v o l v e d  c a l c u l a t i o n ,  o u t l i n e d  below,
/ d tcan  bo u n d e r t a k e n  which  l e a d s  t o  a v a l u e  f o r  ( dx ) 
t h a t  i s  r iu uc- r ica l ly  t l ie  same a s  t h a t  o b t a i n e d  by u s i r . j  cq (A2.2)  
a bov e . '
E q u a t i o n  ( 3 . 1 6 )  i n  C h a p te r  Three  i s  t h e  s t a r  t iny  
p o i n t  o f  the  c a l c u l a t i o n ,
X"0
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p dp = \  d t  rA2.3>)
I n t e c i ’3 t i o n  o f  a ;  (A2 .3)  y i e l d s
I  1
( f  ) -  ( # )  = s  (A2i.)
X U  X‘ 0  '
where  wo have
S ~ Z \ q( t '' ) +■ b(t ~ t)) * dt (Al.5)
d tE q u a t i o n  (A2.4)  y i e l d s  an e z p r e s o i o n  f o r  f %;) i :i  t e r n s  o f
d t  X = 0
^ d X ^ X “ L ’ u h i c h  we have  assumed i s  no t  e q u a l  t o  z e r o .  V.o
d tt h u s  s e e k  a second  e x p r e s s i o n  i n v o l v i n g  bo th   ^ d x   ^ - andX = 0/ d t  \ dtv
3 x  y - L ’ t h a t  we may e l i m i n a t e  ^ d X^ x ~ L  ‘
a c h i e v e  t J i i s ,  we r e q u i r e  t h e  d i f f e r e n t i a l  e q u a t i o n ,  eq ( 3 . 1 0 )  ir.
C h a p t e r  Three ,
A  =  a r t ' ^  -  t j w  +■ b ( t  ( A l . b )
dx*- °
I n t e g r a t i o n  o f  eq (A2.6)  y i e l d s
(A) -(%■) = ('Q(t‘* - t ' ’) + b(t - dx (A1.7)dx dx \
*^0
E q u a t i o n  (A2.7)  nay be r e u r i t t e n ,  - uni
b ( t  - t f  ^( A )dx
Wc now e v a l u a t e riQ
Ue have
q ( I
( t*-5t  t )
The s e eo nd t gri_ i n  eq ( A2 .1 0  ) i t r ; o l v e s
which we can s u b s t i t u t e  u s i n y  oq ( A 2 .6 ) .
This  y i e l d s
- 5 t y u
t. 15
l i r i t i i %  t h e  f o l l o w i n g  ,
1h
C
S
d
■tc
'tu
  o(i^ -Stp t  )dl;
5q(t " " - t / )  + 5b(t - g %
i;e can oxproas I ,  as fo l lo t /s
(A 2J2)
I. d ( $ )  -
d t  XrO ^
(A2.B)
T u r n in g  to i n  CQ ( A 2 .9 ) j  Wc i3oy w r i t e
I
t,
q ' a 1 * 1
t
t.
4k
q o '  d t% d t
t . (Al.IZ.)
XThe second  tcri.i i n  ec; (A2.14)  c o n t a i n s  ,
s u b s t i t u t e ,  u s i n g  eq ( A 2 . 6 ) ,  t o  o b t a i n
i or  üi i ich we a g a i n
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T _ j4i2 f f  - f  ^  a  /dx \
^ 2  =•■ q  ( \  V  ”  q   ^ H V
A b f t  - t  dt
q a ( t ' ' - t g ) + q b f t - g ^  
t „ (A2.15)
U n i t i n g  t lic f o l  l ow ing  ,
® -
f  =  #  ( t „  - t . ) " ' .
t .
S  =  \   —  , (Al.16)A h ( t  -  t g ) d t
^ \  q Q ( t ‘' ~ t i ) + - q b ( t
t,H
wo can e x p r e s s  I -  e s  f o l l o w
== ef  — ) -  f  ( ^ )  . CA2.I7)L  Q t  QD
CoLibi n i  n a t i o n  o f  eos  (A 2 . 9 ) ,  (A2.13)  and (A 2 .1 7 )  y i e l d s  an e q u a t i o n
/ , d t ,i n v o l v i n g  bo th  ( ; and ( ) , a s  f o l l o w s ,x = l  x=0
( “ ) -  ( ^ 4 )  ^  ( c  + e ld x  ^, |_ d x  ^ _ Q  d t
( d 4 - f  ) ( 
d t  x = 0  '
E q u a t i o n s  (A2.4)  a nd (A2.1 0)  c r o  two e q u a t i o n s  i n  two unknowns, ’k 
w r i t e  t h e  f o l l o w i n g  t o  a l l o w  e a s i e r  a l g e b r a i c  m a n i p u l a t i o n  o f  th; 
e q u a t i o n s ,
P ( c +  e )
f  d  +  f  )
r  = (S, + SO. CAi.iq)
a t i o n s  (A2.4)  and (A2.18)  nay t h u s  be r e w r i t t e n  a s  f o l l o w s
X 1
y
y  -  X =  S | , (A1.20)
P qX ~  ■ , “  ^ ' r  , fA2.2[)X ^
14G
I/o now old mina t o  y  froi.i eqr. (A2.20)  and ( A 2 . 2 1 ) ' t o  o b t a i n  an 
eq (A2.21)  y i e l d :
e x p r e s s i o n  f o r  X ( -  ( ^  ) ) .  r.e-’Orrang i i .dx  x = 0
(A2.32)
S q u a r i n g  cq ( A 2 .2 2 ) ,  and coij L i n i n g  w i t h  cq (212.20) t o  é l i m i n a  t e  
y  f = ( ÿ  ) , ) y i e l d s  t h e  f o l l o w i n g' x = L
^ 2  
f x ’’- r x  C|) ( S  + X  ) - x X x ^  +  S  ~ p )  - 0  (A2.23)
which  reduces t o  a f i f t h  pow'cr polynomial iri X with
c o e f f i c i e n t s  a s  f o l l o w s
f " 2 r )  x^ +  C I p  + r  -  i ,  “  Icj)  X ^
+ C2f q  -  2 r S , ) x
% 1
+  (  r  S  ~  Ze^S^ * f  t  Z p S ^  ~  S j  p )  X 
+ ( Z r a  S, ) X
-f- Cj S |  = 0  ' (Al .XL)
A n u m e r i c a l  s o l u t i o n  t o  eq (A2.24-) was s o u g h t  u s i n g  t h e  LAG l i b r a r y  
o f  s u b r o u t i n e s  a v a i l a b l e  on t h e  t h e  S t .  Andrews U n i v e r s i t y  D i g i t a l
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VAX/VUS com pu te r .  There  a r c  i ' iv c  p o s s i b l e  v a l u e s  o f
only one r o o t  h a s  p h y s i c a l  e i g n i i ’i o a n c e .  The
o t h e r  r o o t s  have  e i t h e r  u o n - v e r o  i m a g in e r y  par*to a n d / o r  p o s i t i v e
r e a l  p a r t s .  The n u m e r i c a l  s o l u t i o n  wliich t h i s  c a l c u l a t i o n  y i e l d s
i s  t h e  saiao a s  t h a t  o b t a i n e d  u s i n g  eq ( 3 . 1 6 )  i n  C h a p t e r  Three ,
where i m p l i c i t  a s s w . ip t i o n  i s  t h a t  . ( — ) i s  i d c n t i c a l l vdx X z L
s e r o .  T h i s  a s s iV ip t io n  i s  t h u s  j u s t i f i e d .
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APPEEDIX TilGEE 
Sam p i e  C Oi.i ou t  a_r_ Pr ogram f o r  Tliar, ial_ _ Ana I  v s  i s
The t h e r m a l  a n a l y s i s  p r e s e n t e d  i n  C h a p t e r  Three
i n v o l v e d  t h e  n u m e r i c a l  s o l u t i o n  o f  a d i f f e r o n t i c . l  e q u a t i o n .  T h i s  
was a c h i e v e d  u s i e g  t h e  HAG l i b r a r y  s u b r o u t i n e s  a v a i l a b l e  on t h e  
S t .  Andrews U n i v e r s i t y  D i g i t a l  VAX/VmS com pute r .  A sample p rogram, 
w r i t t e n  i n  F o r t r a n ,  i s  shown below ( t h i n - w a l l e d  a p p r o x i m a t i o n ) . 
There  a r e  c a l l s  t o  two hAG l i b r a r y  s u b r o u t i n e s ;  t h e s e  a r e  l a b e l l e d  
D01AHF and D02SDF. U hc re vo r  p o s a i b l e ,  v a r i a b l e  nawes hc.va boe..
chosen  so t h a t  t hey  c o i n c i d e  a s  c l o s e l y  a s  p o s s i b l e  w i t h  t h e
p a r a m e t e r s  u s e d  i n  C h a p t e r  Three .  For  example,  t h e  v a r i a b l e s
r e p r e s e n t i n g  and t  a r e  c a l l e d  " t c "  and "tO" i n  t h e
program below. In  o t i i e r  c a s e s ,  "common s c n s e " names such  as
"sigh:a"  and " p i " ,  which r e p r e s e n t  S t c f a r U s  cons tan t ,  and 7T
r e s p e c t i v e l y , have boon c hosen .  E x p l a n a t o r y  s t a t e m e n t s  a r c  
i n c l u d e d  i n  t h e  program, which g i v e  a b r i e f  a c c o u n t  o f  t h e  wain  
c o n s t i t u e n t  p a r t s .
C T h i s  IS THE LAIh PABT OF THE PhOGRAII, FROIl
C WHICH CALLS TO THE SULBOUTIHES HAXLLII,
C SOLVE, IIEATLOSS AHD OUTPUT ARE MADE.
C THE PARA12TE]:S "a"  AHD "b" ,  AHD dtdxO
C ARE ALSO CALCULATED,
i i tp l  i  c i  t  i-' ea I ■- 8 ( a - h , o - z  )
14 5
common tO, t c ,  t h ,  c;,a, Ic, sigi..a, r1 , r2 , wt ,  a, b, h i ,
o p o n ( u n i t « 6 5  5 nume= 'g e n .  d u t ' , type;*. * o l d '  )
rew in d  '65
p i z 3 . 1415927
t o =293.0
th=723 .0
cm=0.2
1(=25.0
sigj . ia=5 .67d-8  
r2 =0.5 " 0 .0  2 5 4 ::'0.5 
wt=0 .50d"3  
tc= 3 7 3 .0  
r1 = r2 " U t
a =on'"' c ig i . ia ' -2 .0 ' ' r2 /(  ( r 2 " ' - 2 . 0 - r 1  ' - ' "2 .0))  
b=1 . 3 2 ::'( ( 2 . 0'::'r2) : '0 . 7 5 ) / ( h" ( r 2 :  - 2 . 0 - r1  2 .0  ) )
d td x 0 = ( 3 .0 ^ :b / 9 .0 )  ::(( to - tO):^ ' : '2 .25-(  th- tO) ' : ' ^ '2 .25)  
citd%0=dtd%0s-( 2 . 0 - ' a / 5 .0 ) ^ : (  t c^ ' ' 5 ,0 - - th ' " ' : 5 ,0 -5 .0 " X  tO " th ) ^ ' t0 ' - : ' 4 .0 )
d t  dx 0 = d 3 q r  t  ( -  d t  dxO) 
d t d : : 0 = d t d x 0 - 1 . Od-2
c a l l  iiiaxlen 
c a l l  s o l v e  
c a l l  h e a t l o s s  
c a l l  o u t p u t  
s t o p  
end
C THIS SüüROUTIHE SOLV?:S THE DIFFHREHTIAL EQOATIOi!
C USIHG THE HAG LIBRARY SU3H0UTIHE D02ÜBF, AHD
C THE TEIiPHHATUill: DISTHI3UTI0H 18 CALCULATED.
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C CALLS ARE LADE TO THE SUBROUTIIIES "OUT" 
C AHD
su b r‘ o u t  i  no s o 1 v o
i u p l i c i t  rea3.“u( a - b ,  o - c )
diLiension w( 1 , 7 ) ,  y ( 1 )
i n t e g e r  i f  a i l , i r , j , n  ' .
common tO , t o ,  t h ,  cm, 1;, s i g n a ,  r 1 , r 2 , u t ,  a, b, h i , « n s 4 , dtcixO, p i  
a n s 4 , dtdxO, p i  
ex t  e r  na1 f  e n , ou t  
n-: 1 
i r = 0  
txO=th 
t x l =  t c  
y(1) :=0.0 
i f a i l = 0  
t o l = 0 . I d - 1 0  
w r i t e ( 6 5 ,100)
100 f o r i ' u a t ( / 2 x 'T e m p e r a t u r e  D i s t r i b u t i o n  For  S c j s i e n t  : '
9::'  D i s t a n o c  ' , 9:: '  Tei;p'  , / )  
c a l l  D02BBF ( txO , tx  1, ri, y , t o l , i r , f e n , o u t , w , i f a i  1 ) 
r e t u r n  
end
s u b r o u t i n e  f c n ( t , y , f i )
dis'..;ens 1 on t ,  f i (  1 ) ,y (  1 )
counon tO , t c ,  t h ,  eu,  Ir, s igma ,  r 1 , r 2 , w t ,  a,  b, h i ,  ans4 , dtdxO, p i  
teup= ( 8.0^:b / 9 . 0 ) (  ( t - t O ) ' " C 2 .2 5 - (  t h - t O ) :':>2.25)  +dtdxO:;:: '2.0 
teup= teup^.( 2 . 0 " a /  5 .0  ) ( t<: " 5 . 0 -  th^'^^S. 0 - 5 .  O'- ( t -  t h  ) tO';:: 4 . 0 )
f i ( 1 )= 1 . 0 / ( - d s q r t ( t e m p ) )
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r e t u r n
end
s u b r ou t i  uc ou I ( txO , y ) 
iup l i c i t  r e a l  8 ( a -  h , o - z  ) 
di i . ionsion y ( 1 )
coi'iijon t o , to ,  t h ,  ciij k, s i ^ . i a ,  r 1 , r2 ,w t ,  a, b, h i ,  ans4 , d tdxO, p i  
w r i t e (6 5 , 1 9 1 ) y ( 1 ) , txO 
191 form ate1 0 x , f 6 . % , 10%,05.1)
txO™ t;;G-( t h -  t c  ) / 1 0 . 0  
r e t u r n  
end
C T his  SüBBOUTinS CALCULATES THE SLEEVE LEEGTL 
C AED USES ThE SUE-PEOGEA^ "FUU%".
s u b r o u t i n e  rua:-::lc-n 
i L i p l i e i t  r e a l ' - 0 (  a-h,  o-%)
coijLion to 5 t c ,  th,  en,  k, s i a ,  r1 , r2 ,v / t ,  a, b, l i l ,  ans4 , dtdxO, pi
i  n t e ^ c r  npt  s 4 , nl  i ; . :i t4 , i f  a i  14
d o u b l e  p r e c i s i o n  DG1AIÎF
e x t e r n a l  fun4
i f  a i l 4-0
nlii:uit4-0
a4--th
b4“ t c
e p s r 4 = 0 . 1d-4
ans4=D01 AEF(a4 , u4 , opsr4- , np t s4  , r e l c r r 4 , fun4 , n l i n i t 4  , i f  a i  14 )
return
end
d o u b l e  p r e c i s i o n  f u n c t i o n  f u n 4 ( t )
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ÎLipl i  c i  t  r ea  1 8 ( o -  li, o -  s  )
GOî.üion tO , tCj uli, Cl-,k, s i Q : s ,  r i , r 2 , w t ,  a ,  b, )i l ,  ano4 , dtd: :0 ,  p i  
t e n p = (G .0 % b /9 .0 )% ((L - t0 )K S 2 .2 5 " ( th -L 0 )% % 2 .2 5 )
teiûp-teup-:-( 2 . 0 « a / 5 . 0 ) . 0 - th--- 5 . 0 - 5 . 0 "  ( t - t h ) t O" - 4 . 0 )  
furi4- 1 . 0 / ( - d s q r t ( d tdxO- '''2 .0+ tci . :p ) ) 
r e t u r  n 
end
C THIS SUBROUTINE CALCULATES THE HEAT LOST 
C 3Y THE SLEEVE.
s u b r o u t i n e  h e a t l o s s  
imp 1 i  c i  t  r  eo I  G ( a -  h , o-  % )
conn on tO , t c ,  t h ,  oiu, k, s i ^ u n ,  r1 , r 2 , u t ,  a ,  b, h i ,  ens-4 , dtdxO, pi
h l = - k - p i ' 'K r 2 " T 2 - r 1  - r  1 ) " ( d t d x 0 )
\ ? r i t e ( 6 5 , 2 9 ) h l  
29 f o r n a t ( / 1 x ^ A n o d i c  Heat  Loss  = * , 0 1 5 . 4 , 1 % ' n a t t s ' / )  
r e t u r n  
end
C THIS SUBROUTINE FORMATS THE OUTPUT DATA.
s u b r o u t i n o  o u t p u t
coLx.ion t o ,  t o ,  t h ,  e:.i, k,  s i g n a ,  r 1 , r 2 , u t ,  s ,  b, h i ,  a n s 4 , dtdxO, p i  
w r i  to  ( 6 5 ,99 ) t o , t o , t h , r 1 ,  r 2 , w t , d tdxO, d t d x i , er.i 
99 f o r i : ] 2 t ( / / 7 x  ’ T e m p e r a tu r e s  : TO r. ' , 0 5 . 1 , 2x, ' To - ' ,  f 5 .1 ,2;-:
% , ' T h  =
« f 5 . 1 , 2 % , / / ,
- 2% 'R ad ia l  D im en s io n s :  I n n e r  := ' ,  f‘6 . 4 , 2 : : , ' O u t e r  = ' , f ‘6 .4  
% 2% 'U a l l  T h i c k . = ' , f 7 . 5 , / / ,
% I x 'T c n p .  G r a d i e n t s  At %=0: ' , d 1 0 . 3 , / 2 1 % ' X z L :  ' , d 1 0 . 3 ,
/ / ,  11X ' E n i s s i v i t y  = ' ,  f3 • 1 )
r e t u r n
G ncl
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In  C h a p t e r  F i v e ,  eq ( 5 . 1 5 ) ' v/as d e r i v e d  u s i n g  f low  g r a p h s ,
b ,  k , ,  n  c  )
^  ^  1 -  k . ’i e ' ® "  •
T h i s  e x p r e s s i o n  g i v e s  t h e  complex r a t i o  o f  r e f l e c t e d  t o  
i n c i d e n t  a m p l i t u d e s  when l i g h t  i s  n o rm a l ly  i n c i d e n t  on a 
g l a s s  p l a t e .  M u l t i p l y i n g  t h e  num era to r  and t h e  d e n o m in a to r  of  
eq ( A4. 1)  by t h e  complex c o n j u g a t e  o f  t h e  d e n o m in a to r  t o  o b t a i n  
r e a l  and im a g in a r y  p a r t s  y i e l d s
k , , ( i  -  e ' ® ) {  I -  k , !  e~r =  — ------------ -^------------ -------1—  (AL.l)
1 2 k.jj c o s  0  4-
k|| [ ( I m )(  I -  COS0) + t  sin© (k|| -  l ) J  
I -  2 k||^ cos 0  + k I,*"
The r e f l e c t i v i t y  i s  t h e n  g i v e n  by
k„ [ (l k j )  (l -  cos8) -f 5 i n ^ 8 ( k J -  I) ] 
fl -  2 k,,  ^ cos 8  d- k,,^)
k„^[ 2 ~'2cos0'f -cosG) f  2 co s0 i-co s^0  -sin^6)]
(I -  z k J c o s G  f  )
2 k , j [ ( l ” CO5 0 )  Z k „ ^ c o s 0  (1 “ COS0) f  k,/ (l -  cos8) J
Thi i u p l i f i o s  t o  g i v e  t h e  f o l l o w i n g
2 k n  ( !  -  C O S 8 )
i k  cos 8 4- k
which i s  t h e  scije a s  t h e  eq ([3.17) i n  C h a p t e r  F iv e
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FIVE
S e l f - C o ns i s  t o n c v  o f  t h c- F1 oi ; G r  a oh • : & tho  d
The e x p r e s s i o n s  o b t a i n e d  by t h e  t o p o g r a p h i c a l
r e s o l u t i o n  o f  t h e  f low  g rap h  f o r  a g l a s s  p l a t e  e r e ,  f rc i i  f i g  5 . 9 ( d )  
i n  C h a p t e r  F i v e ,  a s  f o l l o w s .
I I I  2 i 0
I ^11 ^11 ^17.®
■r =  K„  +  I I .  \ , 2 i 0  ’ ( A 5 . I )I -
k , |  k  J e
,   , L z i 0  • (A5 .2)I ~k„e
These e q u a t i o n s  r e p r e s e n t  t h e  cooiplex r a t i o  o f  r e f l e c t e d  to  
i n c i d e n t  a m p l i t u d e s  ( f  ) ,  and t h e  complex r a t i o  o f  t r a n s m i t t e d  t o  
i n c i d e n t  a m p l i t u d e s  ( t ) ,  r e s p e c t i v e l y ,  E q u a t i o n s  (A5.1)  and 
(A5.2)  nay be s i m p l i f i e d  u s i n g  t h e  r e l a t i o n s  be tw een  t h e  F r e s n e l  
c o e f f i c i e n t s  (eq ( 5 . 5 )  i n  C h a p t e r  F i v e )  a s  f o l l o w s ,
I -  k|, e
t  =  — — n i 0I -  k„ e
1 57
The r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  t h e n  g i v e n  by
R
T
T
t
2
(A 5 .5 ) 
(AS.b)
Combining oqs (A5.3)  and (A5.5)  y i e l d s
R
2L k .  ( I -  cc&2())
2  k j j  c o s  2 0  +
( A 5 . 7 )
a s  o u t l i n e d  i n  Appendix Four .  S i m i l a r l y ,  cqs (A5.4)  and ( AS. 6) me; 
be combined to  g i v e
T I -  2  k|| ~ A- k|,
-  2 k , c o s  2 0  + k
Adding oqs (A5.7)  and (A5.8)  t o g e t h e r ,  ue  o b t a i n
(A5.2)
R + T  -  1 fA s .q )
which  p r o v i d e s  a s c l f - c o n s i s t e n c y  c h e e k  for t h e  application of
f low g r a p h s  t o  o p t i c a l  b o u n d a r i e s .
APPEXDIX SIX
8aiiT)lQ_.P_rygr.r;,-: f o r  F l ow G r s rd. Dcsl.w. o f  
Broad Band Iw s e r  O p t i c s
The s a n p lc  program shown below c a l c u l a t e s  the
r e f l e c t i v i t y  c h a r a c t e r i s t i c s  o f  a m u l t i - l a y e r  d i e l e c t r i c  l a s e r  
m i r r o r ,  d e s i g n e d  fo r  use  a s  an o u t p u t  c o u p l e r  f o r  a iie-Cd w h i t e  
l i g h t  l a s e r .  The program i s  w r i t t e n  such t h a t  t h e  l a y e r  s t r u c t u r e  
can  be q u ic h ly  r ev i e w e d  and, i f  n e c e s s a r y ,  a l t e r e d .  T h i s  
f a c i l i t a t e s  t h e  d e s i g n  o f  m u l t i - l a y e r  m irrors ,  where t h e  d e s i g n  i s  
based  on a " t r i a l  and error"  method.
The program c o n s i s t s  o f  two l a r g e  sub-progrca. is  and
s e v e r a l  s m a l l e r  s u b r o u t i n e s .  The f i r s t  s u b -p ro g ram  c a l c u l a t e s  t h e  
r e f l e c t i v i t y  o f  the l a y e r  s t r u c t u r e ,  in  1 a.: s t e p s ,  by making c a l l s
to  ■ t h e  second  s u b -p ro g ram ,  each t im e  the  w a v e l e n g t h  "wv" i s
a l t e r e d .  The second  sub -p rog ram  c o n t a i n s  i n f o r m a t i o n  about the  
l a y e r  s t r u c t u r e ,  and makes c a l l s  t o  t h e  s u b r o u t i n e s  ML, Ltl, L8, MS, 
AH and/or AL i n  t h e  order i n  which they  have been w r i t t e n .  There  
a r e  t h r e e  v a l u e s  o f  A g  , c a l l e d  "wvO" i n  the  second  s u b -p ro g ram ,  
which c o r r e s p o n d  a p p r o x i m a t e l y  to  t h e  t h r e e  p r im a ry  c o l o u r s .  The 
program i n c l u d e s  exp la n a to r y  s t a t e m e n t s  which  g i v e  a b r i e f  o u t l i n e  
o f  t h e  c o n s t i t u e n t  p a r t s .
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C THIS IS TEC FinST SUD-PkOGüAu, MMICH
C CüAüGüS Tüü UAVZLEMGTM IM 1 nn STEPS
C AMD CALCULATES TUE REFLECTIVITY AT EACH
C UAVELEUGTU EY HALIUG CALLS TO TUE SECOÜD
C SUÜ-PROGRAL. COmPLEX VARIABLES START
C THE LETTER " c " .
i n p l  i c i  t  COI:pi o:-:''- 8 ( c )  
ii.ipl i c i  t  real'*' 4 ( a - b ,  d -h ,  o - s )  
common c r k h c , o r k l s , o r k h i , o r k l h , c r k a h , c r k a l ,
■‘*' cd,  Clü,  Ch s ,  Chl J Clii,  Ca l ,  Cah, cthO
e x t e r n a l  fun
d i u e  n s i  o n wav c (5 0 1 ) , r  e f (3 01) 
o p e a ( u n l t “5 0 , narac~; ' f l o w l . d a t * , type= * o l d '  ) 
wvr-37 5 . 0 0--9 
do 10 1=1,301 
wave (i)=wv 
r e f ( i ) = f u n ( u v )  
wv=wv+1.Ce-9 
10 c o n t i n u e
do 30 1=1,301
w r l t e ( 5 0 , 2 0 ) w a v e ( i ) , r e f  ( i )
20 f o r m a t e 1 x , o 1 2 . 3 , f 8 . 1 )
30 c o n t i n u e  
s t o p  
end
C TEIS IS THE SECOHD SUE-PROGRAk, WHICH COUTATES
C THE LAYER STRUCTURE OF THE LASER LIRROR.
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C CALLS ARC LADE TO THE SUCROUTIUCS HL, LU,
C AL, AH, HS ACD/OR LS IH THE SALE ORDER AS
C APPEAR ECLOW. REFRACTIVE IHDICES START 
C THE LETTERS " r i " ,  AHD FRESHEL COEFFICICETS 
C WITH THE LETTERS " r k " .  
r e s 1 f u n e t i o n  f u n ( wv) 
i w p l i c i t  complex’"-8(c) 
i m p l i c i t  r c a l * A ( a - b , d - h , o - z )  
common c r k h s , c r k l o , o r k h l , c r k l h , c r k a h , c r k a l ,  
cd,  Cl3, Clio, C h l , Clh, Cal ,  Cah, cthO 
r i s = 1 .5 
r l l = 1 . 3 0  
r i h = 2 . 3  
r i a = 1 ,0
rich a = - ( r l 5 - r -  i  11 ) /  ( r  i  s-i- r> i  h ) 
r k l ( r i S " r i l ) / ( r i s + r i l ) 
r k h l = - ( r i l - r i h ) / ( r i l + r i h ) 
r  k 1 h = - ( r l h - r i l ) / (  r  i  h-r i * i  1 ) 
r k ah = - (  r i b -  r i a  ) /  ( r l h + r l a )  
rka  l = - ( r i l - r i a ) / ( r i  1-i- r i a )  
crkhs=CMplx( rkh  s , 0 . 0 )  
o r k l s = o i : i p I x ( r k l s ,  0 . 0) 
c r k h 1=cm p1x ( r k h 1 , 0 . 0 )  
c r k l h = c m p l x ( r k l h , 0 . 0 )  
c rkah= om plx ( r k c h , 0 . 0 )  
erica 1 = cop l  x ( r k a  1 , 0 . 0 )  
r p l = 3 . l A l 5 9 2 7  
wvO=%50.0e-9
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thO = rp i+ ;vO / \ ;  V
cthO =c!.iplx( 0 .0  , thO )
c a l l  L3
c a l l  IIL
c a l l  LH
c a l l  HL
ca 11 LH
c a l l  HL
c a l l  LH
c a l l  HL
c a l l  LH
c a l l  IIL
c a l l  Lli
c a l l  HL
wv0=530.0o-9
thO rp i  -'WvO /  wv
CthO = cmplX( 0 ,0  5 UiO )
c a l l  LH
c a l l  HL
c a l l  LH
c a l l  HL
wvO=650.0c-9
thO :: r p i  ■*h/vO/VÎ V
CthO =:C)'.iplx( 0 .0  , thO )
c a l l  LH
c a l l  HL
c a l l  LH
c a l l  HL
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c a l l  LU 
c a l l  HL
c a l l  AH 
t e i . i p e = G a b s ( C c l )  
furi = ( te;;ipc'" '"2 .0 )-MOO.0 
r e t u r n
end
C THE HEIIAIHDER OF THE PROGRAM COHSISTS OF
C SUDHOUTIHES, ONE FOR EACH OF THE OPTI CAL
C BOUNDARIES UH».L j MAY BE REQUIRED HE
C DESIGH OF THE LASER MIRROR. EACH SUB 110UTIH2
C THUS CONTAINS THE: CHARACTERISTIC FLOW GHAHI
c PARAMETER FOR THE PATICULAH BCUHDART 'WHICH
c  •' IT DESCRIBES.
sub r ou t i n e  LS
i i . i p l i o i t  001,:p i  e x " 8 ( c )
i n p l i c i t  r e a l " % ( a - b, d- h,o-%)
cor.u.];on crkhS;  c r k l s , orb; h l , c r k l h  J c rk a h , c r k a l )
c d ,C lS j  Chs,Ch 1,C1 h. G a l ,C a h ,c th O
Cd=cmplx(O.OjO.O)
Cls= ( c k r l 3 + C d " c e x p ( c thO ) ) / ( 1 .O + c k r l s " Cd%ce x p ( CthO))
Cd=Cl3
r e t u r n
end
s u b r o u t i n e  IIS
im p l i c i  t  com plox"8(c )
i m p l i c i t  r e a l ‘-Ui(a-bj  d-h,  o-%)
common c rk h s ,  c r k i s ,  c r k h l , crk lh ,  crlcah, c r k a l ,
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% o d , C l 3 , C h s , C h l , C l h , C s l , C o b , C t h O
Cd = ci.iplx( 0 . 0 , 0 . 0 )
Chs=(orkhS':-Cd'-'ce%p(CthO) ) / (  1 .0-:-ckrh3-KhI-‘ccxp(  o thO) )
Cd=Chs
r e t u r n
end
s u b r o u t i n e  LH
i n p l  i c i  t  con p i  ex'" C ( c )
i m p l i c i t  r e a l " 4 (  3«"b, d-"h, o - z )
coi-no n crkh s , c r k l  s , c rkh  1, c r k l  h , or  ko h , or  ka 1,
% c d , C I S , C h s , C h l , C l h , C a l , C a h , C t h O  
C l h z ( c r k l h + C d - c e x p ( c t h O ) ) / ( 1 . 0 + c r k l h " C d " c e x p ( c t h O ))  
Cd=Clh 
r e t u r n  
end
s u b r o u t i n e  ÎIL
i n p l  i c i  t  con pi  ezr" C ( c )
i m p l i c i t  real-HiC a - b ,  d -h ,  o - z )
common c r k h s , c r k l s , c r k h l , c r k l h , o r k a h , c r k a l ,
% c d , C l s , C h s , C h l , C l h , C a l , C a h , C t h O  
C h l= (c r k h l+ C d % c c x p (c th O ) ) / (  1 .0-:-crkIil'*'Cc’'"Ce>:p(otiiO) ) 
Cd=Chl 
r e t u r n  
end
s u b r o u t i n e  All
i m p l i c i t  complex"C(c)
i n p l i c i t  r e s l " 4 ( a - b , d - h , o - z )
connon c r k h s , c r k l s , c r k h l , c r k l h , c r k a h , c r k a l ,
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K c d ,C l 8 , C h 3 , C h l , C I h , C a l , C 2 h , o t h O
Cab=( crkalK-Cd"ccxp( othO) ) / (  1 . 0+crkali^Cd'--cexp( c thO ) ) 
CdzCah
r e t u r n
end
s u b r o u t i n e  HIî
i m p l i c i t  cOi.:plox"S(o)
i m p l i c i t  r o a l ‘-U;( a - b ,  d -h ,  o - z )
comiiio a c rkh  s , c r k l  s , c r k h l , c r k l  h , c r  ka h , c rka  1,
% c d , C l s , C k s , C h l ; C l h , C a l , C 2h,GthO 
Chir: ( 0 . 0-:-Cd"cexp( cthO ) )
CdzChh
r e t u r n
end
s u b r o u t i n e  AL
i L i p l  i c i  t  eompl e x "  8 ( c )
i m p l i c i  t  r e a l “%(a - b , d - h , o - z )
common c r k h s , c r k l s , c r k h l , o r k l h , c r k a h , c r k a l ,
"  C Q , C l s , C h s , C h l , C l h ,C a l ,C a h , c t h O  
CaI=(crkal*;-Ccl’" c e x p ( e th O )  ) / (  1 . 0 + c r k a l " C d " c e x p ( o t h 0 ) )  
Cd=Cel 
r e t u r n  
end
